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IMEOIJUCTIOH 
Iowa farmers are vitally concerned with the cost of pork prodaction. 
In 1949 and 1950, orer one-third of the total cash farm incone for the 
state came from this sotirce. 
The cost of feed amoimts to 75 to 85 per cent of the total pork pro­
duction cost, depending on the practices followed. It is the usiial prac­
tice among Iowa farmers to suppleaent home grown corn with a purchased 
protein feed. While saall quantities of stipplesiental minerals, vitamins, 
trace elements and antibiotics are usually included, com as the basic 
supplier of carbohydrates, and soybean oilmeal as a supplier of protein, 
make up the great bulk and cost of the ration. On the one hand, pork can 
be produced with corn alone even though certain amino acids (building 
stones of protein) and other nutrients are in short supply. In this case, 
gains per day and feed efficiency are usually low. On the other hand, 
pork can be produced with a high percentage of protein in the ration, the 
protein not needed for body development and maintenance being converted 
into energy. 2hus, farmers have considerable flexibility in determining 
the combination of carbohydrate and protein feeds. In addition to flexi­
bility in the combination of carbohsrdrate and protein, there is the added 
flexibility of substituting different soxirces of carbohydrates and pro­
teins. Cottonseed meal and tankage substitute for soybean oilmeal as a 
source of protein. Oats, wheat, barley and other small grains can be 
substituted for corn as a source of carbohydrate. Several recent advances 
In the knowledge of animal nutrition have greatly enhanced the flexibility 
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of tlie farner fco adjust to changing prices. The discovery of vitamin 
made it practical to supply this essential factor separately without hav­
ing to depend on anioal protein to obtain it. IThis has not only reduced 
the quantity of protein supplement needed in the ration, hut has made it 
possible to substitute vegetable protein for smimal protein. 
Historically there has been a wide difference of opinion as to the 
way in which carbohydrate and protein feeds should be combined. Farmers 
have been divided into two schools of thoxight, one believing that pigs 
should be fed all the protein they would eat, regardless of cost and 
palatability, the other believing in limiting the protein in the ration. 
It has become increasingly evident to research workers and extension per­
sonnel in recent years that there is no economic or plgrsical basis for 
determining the "right amo^lnt" of protein in a physical sense and that the 
traditional feeding standards not contingent on feed prices are inadeq,iia.te 
as a guide for farmers. 
The traditional feeding standards have been maintained over the years 
in spite of & growing realization of their inadequacy. Research procedures 
and data needed to revaap and re-ezamine the basic logic xcpon which they 
rest l^ve been greatly h23i5>ercd by the specialization of research workers 
in limited technical fields. A vital research need is to get production 
economists and physical scientists working together, not only for the 
analysis of data, but for the logic and design of experiments as well. 
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Statement of the Prolslem 
One anist have a knowledge of the appropriate principles and technical 
production relationships if rational decisions are to be made to maximize 
profit in pork production. General acceptance and use of economic princi­
ples cannot be expected unless the appropriate technical data are availaljle. 
3?his stud7 is primarily designed to provide "both the principles and 
the technical production coefficients for making decisions regarding the 
combination of carbohydrates and protein feeds in pork production. Ihe 
basic model is based on the proposition that the level of protein in swine 
rations is dependent on feed prices, and that the application of profit 
maximization principles makes it feasible to base feeding standards on 
the relationship between relative prices of protein and carbohydrates and 
the effectiveness of these two classes of feeds in producing pork. We 
believe that this can be done and presented in a very simple fashion to 
be used by farmers, extension personnel and research workers. 
Since profit maximization in pork production depends in part on the 
time period involved in producing pigs to market weight, daily rate of 
gain and marketing weight are also considered as factors determining pro­
tein level. The farmer is concerned not only with the cost of producing 
pork, but with the price he can expect to receive at marketing time. If 
he looks ahead and discovers that his pigs will be on the market during a 
period when pork prices usually decline, his decision will hinge on the 
time it takes to reach marketing weight as well as on costs. OptinnHi 
asirketing weight is also related to protein level throxigh the influence of 
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the cost of producing 100 pounds of pork and the time required to market 
hogs. Eational decisions on protein level, therefore, result from a 
simultaneous solution of these variables as well as other factors peculiar 
to individual farm conditions. 
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LO&ICAL FCOTD&TIOSS 
In order to understand the logic iinderlying the nature of the problem 
of determining "optiaua" rations in swine production and to provide a 
solution, it is necessary to explain some of the basic tools used. In 
this chapter, some of the economic principles involred are reviewed. 
She Function Concept 
It has been said that functional thinking is the sotil of mathematics, 
and this is equally true of production economics, as well as of alaost 
every other branch of science. The study of functional relationships 
might be divided into the following four steps: 
1. It is first essential to recognize that the behavior of one 
quantity depends upon one or more other quantities. 
2. It is necessary to identify the quantity or quantities upon 
which a given quantity depends. 
3. It is often desirable, if possible, to express in precise 
mathematical laws how one quantity depends upon others. 
4. Many problems require a comparison of the rate of change of 
one quantity with respect to another. 
When functional relationships are ejtpressed by forEiulas or equations, 
it is often convenient to write the statement "y is a function of x" in 
the mathematical form y = f(x). In some cases it may not be possible 
with the existing state of knowledge to espress the relationship in a 
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precise mathematical form. The function concept is useful in prohleos of 
this sort (such as predicting managerial ability) as an aid in localizing 
the prohlem, so that future research can aake it possible to e35)ress the 
relationships more explicitly. 
!Phe production function 
!Ehe production function is an application of the general function 
concept to the production of goods and services. One attempts to e:5)lain 
production y as a function of one or more independent rariables; Xi, Xg, 
X3,...Xq. It may be used to express production relationships for an enter­
prise, a firm or an industry. When a precise mathematical equation can 
be obtained empirically, it is possible to derive from it several impor­
tant relationships between products and factors, between factors and 
between products, which make it possible to tell a great deal about the 
farm or industry, the extent to which profits are maximized and the extent 
to which society is maximizing the use of its resources. Some of these 
concepts are discussed in the following pages. 
The production surface 
A two-variable production function can be visiialized as a production 
surface. This surface represents the gains (y or quantity of production) 
obtained from varying the amount and combination of two feeds A and B, 
which can be stated as inputs Xj and Xg. It is located by graphing the 
two variable inputs on the x and y axes and the corresponding production 
vertically to the base plane on the z axis, figure 1 illustrates this 
7 
LBS. FEED A (X,) 
figure 1. Production siirface (illustration) 
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concept. Q&.CB is bhe base, or zero, production plane, with input Xi and 
input Xg plotted on the two horizontal axes, and the corresponding pro­
duction plotted on the vertical axis. When OA units of Zi and CS3 units 
of Xs are combined, a production (y) of CD units results. By connecting 
these points on the vertical axis, the production surface OAUB is delin­
eated. 
In the example shown in Figure 1, both inputs xx and Xg are necessary 
for production. This is true because we can move from the origin along 
either the Xj or Xa axis sind still remain on the base plane representing 
zero production. Only when we combine Xi and Xg do we move off the z axis 
base or zero plane. Com production from seed and labor, with land con­
stant, is of this type, whereas swine production from com and soybean 
oilmeal usually involves some gain from either input alone. 
Although one cannot handle graphically more than three dimensions at 
a time, production functions involving more than two iig>uts can be solved 
algebraically or by graphing any two factors at a time and holding remain­
ing resources constant. 
Input-Output Eelationships 
¥hen production is expressed as dependent on only one veariable and 
all other factors are held constant, certain production relationships can 
be visualized in two dimensions. Thus, in figure 1, if iiq)ut Xj is held 
constant at OP units, a vertical slice PST can be shown as a total product 
curve similsir to i'igure 2. It can be found directly from the production 
function by substituting different values for the selected input and 
9 
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0 i: 12 
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Figure 2. Eelatioaships between total, average and aarginal product 
(illustration) 
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holding all other inputs constant. 
If the quantity of one productive service is allowed to increase by 
equal increments, while the quantities of the other productive services 
are held constant, the resulting increments in product (a, "fa, c, d in 
Figure 2) are called the marginal physical products. They tell us the 
productivity of the last unit of input. The marginal physical products 
of ii^jut Xj can oe found from the production function "by taking the first 
derivative, dy/dxi, treating other factors as constants and substituting 
into the result the desired values of Xi. 
Several concepts characterizing the total, average and marginal 
physical product curves are discussed in the following paragraphs. 
The laws of return 
The law of variable proportions is concerned with the behador of the 
total product when one of the inputs is varied. It may be stated as fol­
lows: If the quantity of one productive service (zi) is increased by 
equal increments, the quantities of the other productive services remain­
ing fixed, the resulting increments of product will decrease after a cer­
tain point. This is shown graphically in Figure 2. Here the increments 
in total product, a, b and c, are increasing, as 1, 2, 3 and 4 xmits of 
Xi are added. When the fifth unit of Xj is added, the increment d is less 
than the added product c and therefore there are diminishing returns from 
the factor Xj within this range. 
It may be useful to analyse the production function with reject to 
the character of the total, average and marginal product curves. The 
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total product curve may t>e increasing at an increasing rate over an initial 
segment of the curve, indicating that the marginal products are increasing 
and that there are increasing returns from the factor. She total product 
•v 
may he diminishing, indicating negative marginal products. 
fhe production coefficient, T/xj, may he fixed or it may vary vith 
the amount of Xi used. One can find examples of a linear average product 
curve in chemical fonmilas, hut these ezaaroles are rare in most other 
fields. In most situations of applied research one would espect the 
coefficient to vary. In ?igcire 2, when the eighth unit of Xi is added, 
there is diminishing marginal product and diminishing average product, 
hut the total product is increasing. When the eleventh unit is added, 
there is negative marginal product and a diminishing average and total 
product. 
Iso-oroduct curves 
A horizontal slice of the production surface projected down to the 
hase plane gives the locus of resource comhinations which will result in 
the same quantity of product. Similarly, a family of iso-product curves, 
each representing a particular quantity of product, can he developed. 
Such a slice, BFQ,, is shown in Figure 1. A solution from the production 
function is found for any two variables, Xj and Xg, by solving for Xi and 
substituting different vsilues for Xg while the other factors and total 
product are held constant. 
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Sate of stthstitutlon 
!Phe slope of the iso-product curve gives the substitution rate of xx 
for Zg (dxg/dzj^), which may "be defined as the amount of the resource X2 
which must "be added to keep the total product the saae if we decrease the 
input of resource "by one xmit.^ It is also helpful to recognize the 
substitution rate as the inverse of the marginal products of the two 
inputs. At a given point on the production surface, if the marginal 
physical product of is ten and of Xg is five, we have the relation 
MPPXT 10 dXo o 
— = —r - —- =2. Ii ve had used one less un.it of , total Toroduct 
MPfZg 5 dxj 
would "be less "by ten units, and it would take five units of to retain 
the originel totaJ. product. Thus, one unit of Xx substitutes for two 
units of Xjj 0^ conversely two units of x^ substitute for one unit of x^ 
2 
within this range. 
The hypothetical iso-product curves in Figure 3 illustrate alterna­
tive hypotheses concerning the nature of the substitution relationships. 
In figure 3^, the iso-product curve is linear, indicating substitution at 
a constant rate. This relationship exists in some cases where the inputs 
are similar, or serve the same ftinction, as in 0-20-0 and 0-40-0 fertili­
zer. Eational behavior would indicate use of only one of the two inputs, 
the choice depending on price ratios. 
Figure 3® illustrates a case where the two inputs combine only in 
some fixed proportion. This assumes that yield is determined only by that 
^Following usual practice, the negative sign for substituion rates is 
omitted throughout this study. 
^These relationships refer to only one point on the surface and 
change as we move in any direction. 
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factor vhich is in short supply. Exajaples are common in chemical formulas 
where, for eiaag>le, 434-03 = SHgO. 
5?he iso-product curve turns back as more of the resource r is added 
in figure 3C, Here the marginal products of r, as the quantity of r is 
varied, are negative in that range so that more of both inputs is needed 
to keep total product constant. 
Curve (l) in Figure 3D shows a case where the product can be produced 
by either input alone or in combination; whereas curve (2) is a situation 
where either of the two inputs used alone results in zero product, but a 
product is forthcoming when some combination of the two inputs is used. 
Both of these cxurves ea*e convex to the origin, indicating a diminishing 
rate of substitution. 
Returns to scale 
"Eetums to scale" refers to the relationship between the level of 
all the inputs used in production and output, as for example the change 
in T when all inputs, ix» *3t 3C3,...Xji, are doubled. 2his differs from 
the law of variable proportions since in that case just one izQ)ut was 
varied while the other irgouts remained constant. 
Eeturns to scale can be found from the production function by looking 
at the homogeneity of the function. If all inputs (xj, X3, Z3,...x^) are 
sniltiplied by a constant, then we can get the relationship q.% = 
q.3C3. •. •q,3Cn) • If k = 1, then the function is homogeneous to 
degree 1, which is constant returns to scale. As long as there are 
increasing returns to scale, one would move to a higher output.^ Constant 
^his holds true in perfect competition when output of a single fira 
does not affect price. 
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returns to scale woxild indicate that there was no advantage in physical 
returns from one output over another, i.e., if all the factors are increased 
hy 5 per cent, the product will "be increased "by 5 per cent. When one is 
faced with decreasing returns to scale, the level of output depends on 
price relationships. One might obtain increasing returns to scale at low 
levels of output, constant returns over another part of the curve, and 
decreasing returns at high levels of output. 
Scale line 
¥e can trace a path on the "base plane of the production surface which 
will he the locus of points with the same proportion of inputs (resources 
combined in fixed proportions). This path, called the scale line, will 
always he a straight line throxigh the origin of the hase plane and will 
intersect the family of iso-product curves. At any point on a scale line, 
if one increases hoth factors hy t per cent, an increase in total product 
of less than t per cent indicates decreasing returns at that point, an 
increase of exactly t per cent indicates constant returns. An increase 
greater than t per cent indicates increasing returns to scale. 
Expans ion path 
¥e can also plot the points on the hase plane which have the same 
rate of substitution. If both factors are necessary to produce, this 
line will originate near zero, but if production is possible with ^st 
one of the factors, it may originate further out on the X or Y axis. The 
significance of the e:q)ansion path will be discussed in further detail in 
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a following section. The ea5)ajisioii path and scale line coincide only in 
the case where the marginal products of X and Y are proportional as one 
moves out on the scale line. Except for this special case, the two curves 
will not coincide. Figure 4 illustrates a more coiisaon situation. 
The Equilibrium of the Firm 
One can outline the marginal conditions for maximizing profit in an 
agricultural firm, given a static situation and perfect competition. They 
are as follows: 
(a) The price ratio between any two products must equal the marginal 
rate of transformation between the two products, or dxg = Price x^ . Here 
dxi Price Xg 
we assume an increasing marginal rate of transformation as a stability 
condition. This relationship is illustrated in Figure 5, where a given 
quantity of resources can produce OT of product B, or OS of product A, or 
any combination of the two products indicated by the transformation curve 
ZZ* . line ER' is one of a family of iso-revenue lines indicating the 
points which can result in the same revenue. Thus, OR indicates the quan­
tity of product 3 which has the same value as OR* quantity of product A, 
which is the same value as other combinations of products A and B, indi­
cated by the line BE*. Other iso-revenue lines parallel to BE' indicate 
other equal-revenue amounts. Lines closer to the origin than BS» indicate 
less product and thus less revenue; and similarly lines to the right of 
EE' indicate a larger quantity of product and a higher revenue. Maxiarcan 
return is indicated at some point on the transformation curve which is 
17 
CNJ 
EXPANSION PATH 
QUANTITY OF FACTOR X, 
Figure 4. Belationehip "between scale line and e3^>an8ion path 
(illustration) 
QUANTITY OF PRODUCT A 
Figure 5. Production of two products from a single factor 
(illustration) 
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also on the iso-reveaue line denoting the highest possible value. Shis 
point, obviously, is where an iso-revenue line is tangent to the trans­
formation curve. Froa the given quantity of factor, line TS denotes the 
possible combinations of products A and B which can be obtained, but OA-i 
quantity of A and OBj quantity of B result in the hi^est possible revenue. 
(b) The price ratio between any two factors must equal the inverse 
marginal rate of substitution between them. In this case, stability 
requires a diminishing marginal rate of substitution. The rate of sub­
stitution has been defined previously as the slope of the iso-product 
curve or as the inverse ratio of the marginal products of the two factors 
. "Phis condition is illustrated in Pigare 6. Siven an iso-
(dxi MPPxs) 
product curve ab and the ratio of the prices of the two resources, one 
obtains relationships similar to those outlined under (a) above. Line 17 
represents the combinations of factors which can be used at a given cost. 
OT quantity of resource Zg costs the same as 07 quantity of , or other 
combinations of ii and Xg denoted by line T7. In this case one is inter­
ested in mininram cost rather than maximum revenue so that, while production 
of the given product can be obtained from any of the combinations of 
resources Xj and Zg indicated by line ab, the cheapest combin&iion is at 
a point where curve ab and the iso-cost line are tangent. Again, this 
point is at the point of tangency, where the slopes are equal. Any 
resource combinations on an iso-cost line to the left and closer to the 
origin representing a lower cost cannot result in the desired level of 
production, and similarly any resource combinations on iso-cost lines to 
the right and further from the origin than T7 result in a hi^er cost. 
19 
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figure 6. IlluBtr&tion of leaat-cost resource combinations 
of factors ^ using tvo price ratios 
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(c) The price ratio hetween any product and any factor must equal 
the mEurginal rate of transformation between them. Shis is eqiiivalent to 
the statement that the price of the factor used must equal the value of 
the marginal product^ or that added cost must equal added revenue* !I?his 
condition can "be illustrated simply if one plots the added product from 
each unit of the factor z (the increase in product resulting from each 
unit of factor) as curve AC in Figure 7B. Here OP is the price of each 
unit of resource in terms of the product or, in other words, OP indicates 
the amount of product equal in value to a unit of resource. If one oper­
ates at point A, the last unit of input yields more than enough product 
to pay for that input. At point 0, the last unit of factor yields less 
than the cost of the input. At point B, however, just enooigh product was 
obtained from the last unit of ii5>ut to pay for it. ¥hen the condition 
that marginal cost equals marginal revenue is fulfilled, one has the rela­
tionship: The marginal physical product (dY/dX) times the price of the 
product (T) equals the price of the factor. Dividing both sides of the 
equation by the price of T gives ^  _ Price of X or condition (c). In 
dX " Price of T 
Figure 7A, OZ is the total product obtained as the resource S varies. 
Line ES has a slope equal to the ratio of the price of 2 over the price 
of Y. Point B, the point of tangency, is the equilibrium output. 
We have been concerned with perfect competition in a static economy 
where prices are not changing. ¥e can relax the static assumption to some 
degree by following Hicks^, treating a factor used in different tine per­
iods as different factors, and similarly a product produced in time one 
^Hicks, J. S. 7alue and capital. 2d ed. London, Oxford University 
Press. 1946. p. 147. 
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Figure 7. Illustration of optimum output as determined ty the 
marginal equiliWitm conditions 
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LBS. FEED B 
Figure 8. Illustration of a production surface showing diminishing 
returns 
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and time two as different products. To do this, future prices are dis-
coxmted. 
It is apparent that the marginal conditions outlined atove provide a 
neaningful solution when resources and products can "be varied in incremen­
tal amounts, i.e., when there are no production restrictions, and when 
there are no restrictions in supply or control of resources. In some 
cases where there are restrictions other techniques must "be used. Maxi­
mizing a profit equation or linear programming are techniques which may 
he useful in these situations. 
24 
MODEL FOE A THSOEilEICAllT PmiEOS SOLOTIOIT 
An economic solution to proolems of determining the type and combina­
tion of feeds in pork production involves a leirge namber of vsiriables. 
For purposes of this a priori model, the tvo feeds, com and soybean oil-
meal, are used as the two resoturcea which can be varied in quantity to 
produce pork. She same concepts can be applied to problems involving more 
than two ii:g)uts or to resources other than corn and soybean oilaeal. 
The first step is that of developing a solution in a sinple static 
situation. The effect of time and its influence on market price and pro­
duction costs is ignored until later in the analysis. Under these condi­
tions maximum profit is obtained by minimizing the cost of 100 pounds of 
pork produced.^ 
Production of pork from two feeds can be represented as Y = f(C,P), 
where T refers to gain per hog while C and P refer to amounts of corn and 
protein feed required to produce that gain. All other factors are held 
constant. 
2wo possible feed relationships are shown in Figures 8 and 10. For 
the case in which substitution takes place at a diminishing rate and some 
gain results from feeding one feed alone, we can visualize a production 
surface similar to that shown in Figure 8. She "sxirface" is curved in 
both vertical and horizontal directions, indicating diminishing returns^ 
^In equation form. Profit = lbs. pork x price of pork - feed cost. 
As the ration fed is not a factor in the left-hand term under static con­
ditions when price changes are ignored, profit is maximized when the cost 
of corn and soybean meal is at a minimuia. 
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each successive and constant increment in feed per animal res-alts in a 
smaller increment in gain. Line OA represents a ration consisting of 
feed A, while line OB represents a ration of feed B. Line OC, another 
ration line, represents a constant relationship "between the quantities of 
the two feeds, i.e., a ration consisting of a given per cent Peed A. 
Lines de, fg or hi are; product contours, each representing the different 
combinations of the two feeds which will result in a given quantity of 
product. 
A situation very similar to that of Figure 8 is that in which substi­
tution takes place at a diminishing rate, hut some of both feeds are 
necessary to produce gains. la this model the iso-product curves are 
asymptotic to the X and Y axes. 
Figure 9 shows the base plane QABK for this same production surface, 
illustrating diminishing productivity of feeds. Just as an agronomist 
can grsph a hill on a contour map, one can represent the livestock produc­
tion sxirface as a family of contours. In other words, one can convert 
the three-dimensional dia^aos of Figure 8 into the corresponding two-
dimensional diagrsun of Figure 9 by looking straight down at the surface. 
Figure 9 has three sets of lines which are ii^jortant from the economic 
and physiological aspects of animal nutrition. First, there are the 
equal-product lines de, fg and hi. Hext, there are the diagonal lines OL, 
OK and CM which show different quantities of a given ration with the two 
ingredients fed at a constant ratio. They suggest the relationship 
between input of feed to the animal (with the two ingredients fed at a 
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Figure 9. Base plane of production surface shoving diminishing returns 
constant ratio) and output of gain. These ration^ (fixed ratio) lines 
indicate whether feeds are transformed into pork gains at constant, 
increasing or decreasing rates. In other words, if the line segments oa, 
ah and he are of equal length "between 50# 100 and I50 pounds of gain con­
tours, transformation is at a constant rate. In our illustration, he is 
longer than ah, which is longer than oa, indicating diminishing transfor­
mation. This is the ease in which each additional pound of gain requires 
more feed as the pig is fed to a heavier weight. 
Lines ql and ml show the effect of holding one feed constant while 
the other is varied. These lines also indicate increasing, constant or 
decreasing transformation. In this illustration, Ir is longer than nr, 
indicating diminishing transformation. 
Figure 11 shows these same relationships when constant feed trans­
formation is assumed. Again we have three sets of relationships which, 
are important. One notes that the same feed quantities are needed to 
produce 100 pounds of gain regardless of the weight of the pig. Here 
oa s ah s he. If we hold the total quantity of one feed constant and 
vary the other, equal quantities of the variable feed are needed to pro­
duce each 100 pounds of gain. In this case, nr equals re. Also the iso-
produet lines are straight lines of the same slope. 
Both models prohahly have some application in livestock rations. 
Substitution at a constant rate (a linear iso-product curve) would imply 
that the ratio of marginal products of the two feeds is a constant along 
the iso-product curve, regardless of the ratio of the two feeds fed. 
Igjhe term "ration line" corresponds with the term "scale line" in 
economic terminology. 
28 
LBS. FEED B 
Figaxe 10. Production surface showing linear relationships (illustration) 
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One vould expect substitution at a constant rate only when the two 
feeds serve the same function "but differ in their streiigth or "biological 
effectiveness. Sew crop corn and old crop corn would "be one eiaojple of 
substitution at a constant rate, if the only difference were moisture con­
tent. Under these conditions, one would feed either all new corn or all 
old corn (after a period of adjustment) depending on whether the ratio of 
prices was smaller or larger than the substitution rate. If the price 
ratio eqiaaled the inverse of the substitution rate, all comhinations of 
the two feeds would result in the same feed cost. 
The hypothesis that substitution between corn and protein supplement 
takes place at a constant marginal rate would appear to be illogical on 
the basis of e:q)eriiaental evidence and economic logic. According to 
animal nutrition theory, corn when fed alone is deficient in several amino 
acids essential for animal growth. Protein when fed in excess of body 
needs, however, is used up as energy. Animal nutrition studies have 
repeatedly shown that each pound of protein sij^plement in a low-protein 
ration has a greater stimulating effect on production thsm each pound in 
a high-protein ration. 
A third model, combination in fixed proportions (Figure 338), would 
imply that the two iz5)ut8 served entirely different functions with no 
possibilities of substituting one feed for another. Shis hypothesis has 
less basis in modem animal science than formerly believed. It has long 
been recognized that protein can be converted into energy and that there 
are interrelations among the various vitamins and minerals needed for 
healthy growth. 
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ihitrition EeTiew^ sranmarizes soae of the newer concepts and results 
of research on the interrelationships of protein and carbohydrates. The 
2 
work of Allison and Swanson is cited to show that carbohydrates and fats 
have a protein sparing effect and that the influence of calories on pro­
tein metabolisn is complex. While this refers to pure nutrients, substi­
tution relationships for zmiltiple-nutrient feeds are much nore likely to 
indicate that there is considerable flexibility in the combination of 
feeds. 
Sxai!Q}les of interrelationships between other nutrients or essential 
factors in nutrition are common in current nutrition journals. Catron 
al^. for example, found that aureoaycin has a "protein saving effect" and 
Brans® found that Titamin and pantothenic acid have a "sparing effect" 
on each other. 7hese results indicate that in many cases, substitution 
possibilities do exist in pork production. 
The possible hypothesis that substitution takes place at an increas­
ing rate would indicate that the cheapest ration was always all corn, or 
all soybean oilmeal, depending on price. One cotild find examples in 
^Influence of non-protein calories on protein metabolism. Siitrition 
Eeview. 10(no. 5):161. June, 1952. 
2 Allison, J. E. Interpretation of nitrogen balance data. Fed. of 
Aaer. Soc. Exper. Biol. Ped. Proc. 10:676-683. 1951. 
Swanson, P. P. Influence of non-protein calories on protein metabo­
lism. Ped. of Imer. Soc. Exper. Biol. Ped. Proc. 10;660«669. 1951. 
^Catron, Damon and others. Effect of different levels of aureoaycin 
with and without vitamin on growing-fattening swine. Antibiotics and 
Chemo the rapy. 1:31-40. 1951. 
%(rans, E. J. and others. Effect of vitamin Bj,a on pantothenic acid 
metabolism in the chick. Arch. Biochea. and Biophys. 31:454-456. 1951. 
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industry where, for example, 7/8 inch bolts and 13/16 inch "bolts would 
su'bstitute at an increasing rate if coiafusion were created "by having two 
inputs where one could "be used effectively alone. On the "basis of logic, 
one would reject this hypothesis as not applicable to the problem of feed­
ing pigs. 
Substitution at a decreasing rate remains the most likely hypothesis. 
This would indicate that the marginal product of protein was higher when 
very low levels of protein are fed than when high levels are used. It 
would indicate that within a range, prices play an important part in 
determining an "optiisiim ration". 
One would also hypothesize that the two feeds are "near-limitational" 
in nature. While 100 pounds of pork can be produced by corn alone, one 
espects in this case a relatively high substitution rate and a steep slope 
on the iso-product curves in the vicinity of all corn rations. One would 
also hypothesize that this "near-limitational" effect is less pronounced 
for heavier pigs than for weanling pigs. 
Least-cost Bations 
3fhe slope of the iso-product line is the substitution ratio (i.e., 
replacement ratio). This concept is illustrated further by Figure 12, 
where lines I, II, III, IT and 7 indicate five possible rations which 
would result in 100 pounds of gain. Coniparing ration II with ration I, 
the same 100 pounds of gain can be produced with 6 pounds less of soybean 
oilmeal and one additional pound of corn. If soybean oilmeal costs 4 
cents a pound while corn costs 2 cents a pound, this amounts to a cost 
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Figure 12, lllustratioa showing ijaBis for detemining 
rates of sal^stitution 
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reductioa of 32 cents per 100 pounds of gain. Siailaxly, ration III com­
pared with ration II entails two extra poTinds of corn and 6 pounds less 
soybean oilaeal. Eation III then costs 20 cents less per 100 pounds gain 
than ration II. Eation IT compared with ration III requires two extra 
pounds of corn and 6 less pounds of soybean oilmeal, entailing the same 
cost as ration III. Hation 7, however, requires 20 pounds of corn to 
replace 6 pounds of soybean oilmeal, requiring an added 40-24 or 16 cents 
to produce 100 pounds of gain. Thus, rations lower in protein than ration 
17 cost more than ration 17 per 100 pounds of gain. 
It will also be noted that these ratios of pounds of corn needed to 
replace a pound of soybean oilmeal are the slope of the iso-product curve 
between the intersection points of the two rations under consideration. 
For instance, the slope of the iso-product curve between rations I and II, 
e25)ressed as an average between these two points, is -2/+6, or -1/3. If 
calculus is used, one can obtain the slope at a particular point instead 
of an average over an interval. Thus, one obtains the ratio of the pounds 
of corn needed to replace a pound of protein for an incremental change in 
the ration. It will further be noted that the prices used, 4 cents for 
soybean oilmeal and 2 cents for com, are in the ratio of two to one and 
that the cheapest ration was that in which two pounds of com replaced 
one pound of soybean oilmeal. This can be stated in a more general form: 
when the substitution ratio is inversely equal to the price ratio for the 
two feeds, the cost of producing any given gain is at a minimum.^ 
^Qualification of this principle for various weight pigs is presented 
later in this chapter. 
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This point can be illustrated with algehra in the manner of la 
"below.^ Here the ^sign refers to "change in", and hence 4A refers to 
change in feed A and AB refers to change in feed B, while P-b refers to 
the price of B and refers to the price of A. 
la _ = ^  Ih A APa = 4 BPt 
a 
2a 21. ABPj 
313 AAPa < (^ B)(P^ ) 
P-fj 
Eqtiation It, which is a simplification of la, illustrates the princi­
ple that the two ratios are equal, the value of feed B required to 
replace feed A is just equal to the value of the B replaced. Equation 2a 
shows that when the siibstitution ratio of B for A is greater than the 
price ratio of B to A, feed B should "be substituted for feed A since, as 
illustrated in 2"b, the value of A replaced "by B is greater than the value 
of feed B used to replace it. Teed B shotild he substituted for feed A if 
costs are to "be reduced. Equation Ja. and 3^ show that when the rate at 
which B substitutes for A is less than the price ratio of B to A, feed A 
should "be substituted for feed B. 
The same logic can "be illustrated geometrically with a contour map. 
Line sr in Figure 13 is an iso-product curve representing 100 pounds of 
gain. Suppose that feed A costs two cents a pound, while feed B costs 
4 cents a pound and that we have 4 dollars to spend on feed. Iso-cost 
(same-cost) line ah represents all possible combinations of feeds A and 
%eady, Earl 0. Use and estimation of input-output relationships or 
productivity coefficients. Jour, of farm IScon. 3^5775-786. 1952. 
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S'lgore 13. Illustration shoving basis for least-cost rations 
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B which can he purchased with 4 dollars; we can "buy 200 pounds of A and 
none of B, 100 pounds of B and none of A, 100 pounds of A and 50 of B or 
any other coahination indicated on iso-cost line ah. The slope of an 
iso-cost line represents the price ratio of the two feeds being compared, 
which in this case is 2/1. We note that there is no coabination of the 
two feeds which will result in 100 pounds of gain for 4 dollars. If we 
examine an iso-cost line of 6 dollsirs (iso-cost line ef) we can produce 
exactly 100 pounds of gain with this outlay with the rations indicated by 
points 1 and 2. However, neither of these two rations allows a mininian 
outlay. Ve could reduce our outlay for feed to 5 dollars and obtain iso-
cost line mn. We obtain 100 pounds of pork from rations indicated by 
points 3 and 4. For any ration falling between points 3 and 4, we obtain 
more than 100 pounds of gain from an outlay of 5 dollars. Iso-cost line 
cd does represent the minionuQ cost of producing 100 pounds of gain. It 
represents a feed outlay of 4 dollars and 40 cents; lower iso-cost lines 
will not allow production of lOu pounds of gain, while higher iso-cost 
lines will represent a greater outlay for feeds. At this point (point 5) 
the slopes of the two lines are equal and therefore the substitution ratio 
is just equal to the price ratio. 
When the price of feeds changes, the slope of the new e:q)enditure 
line reflects the new price ratio. In Pignre 14, when the price ratio 
changes from 2/l to 1/3, the cheapest combination changes from 1^ pounds 
of corn and 40 pounds of soybean oilmeal to 60 poimds of corn and 140 
pounds of soybean oilmeal. 
The rate of substitution obtained as the slope of the iso-product 
curve, refers to replacement relationships for the total feed requirements 
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froa the beginning weight (origin of base plane) to the stipulated iso-
product curve. A substitution rate of 2/1, for a given ration and for a 
100-pound gain contour vith origin at zero, indicates that one poiond of 
so^^bean oilmeal vould substitute for 3 pounds of corn in the total feed 
required to produce 100 pounds of gain. A simple exaaple is given in 
Figure 15 to show this relationship. It is assuaed that for the first 10 
pounds of gain, each pound of gain can be obtained from 3 pounds of corn 
or 3 pounds of soybean oilmeal. Thus, a pound of corn substitutes for a 
pound of soybean oilmeal anywhere in this 0 to 10-pound weight interval 
and the 10 pounds of gain can be produced with 30 pounds of corn, 20 
pounds of corn and 10 pounds of soybean oilmeal, 10 pounds of corn and 20 
pounds of soybean oilmeal, or any other combination indicated by the 10-
pound product contour. It is further assumed that each pound of gain 
beyond 10 pounds is obtained from 3 pounds of corn or 6 pounds of soybean 
oilaeal. Here, one-iialf pound of corn substitutes for each pound of soy­
bean oilmeal, so an additional 30 pounds of corn, 24 pounds of corn and 
12 pounds of soybean oilmeal, 15 pounds of com and 30 pounds of soybean 
oilmeal or SO pounds of soybean oilmeal without any com, or a similar 
combination of feeds is needed to put on an additional 10 pounds of gain. 
It will be noted that the 20-pound gain contour has a slope of 60/90 or 
2/3, whereas the actual substitution rate assumed at these points Js i/2. 
therefore, to obtain substitution relationships useful for a particular 
weight of pig, one wants the zero gain or point of origin near the weight 
interval desired. In the exan5>le, the slope of the 20-pound gain curve 
shows us the substitution rates in feeding a particular total ration at a 
given rate from zero to 20 pounds gain. It does not tell us the substitu­
tion relationships at 20 pounds of gain per se. 
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lElie path of least-cost rations as the vei^t of the pig increases is 
called the eapansion path. If feeds comhined in a given proportion always 
substitute for each other at the same rate regardless of the animal's 
weight, the espansion path and the ration line will he identical. 57he 
same ration wotild then "be the least cost ration for all weights of aninal. 
Eowever, it is more likely in meat production that the espansion path 
differs from the ration or scale line aaad, therefore, different rations 
represent mininram feed costs for a different weight. 
!Phe espansion path is freo.uently defined as the points of tangency 
of iso-cost lines with the family of iso-revenue lines such as line LM in 
Figure l6. 
This is a static concept. In a non-etatic environment refinements 
are needed to allow for the fact that the quantities of the two feeds are 
utilized over a period of time and that the day-to-day coahination of the 
two feeds is a variable as well as the total feed requirements to attain 
a given wei^t of pig. ^ specifying that the two feeds are fed in a 
constant ratio throvi^out the growth period, a meaningful solution can "be 
obtained. A non-static definition of the espansion path, utilizing the 
logic of the last two pages and giving an approximate solution, is that 
it is the points of tangency of iso-cost and iso-product contours, pro­
vided the iso-product contotirs axe close to the "beginning weight. 
If one operates on a least-cost or e35>ansion path, this will probably 
deviate from a fixed ration line, fo obtain least-cost rations at a par­
ticular weight, the assusption is made that the gains made do not depend 
on the level of protein fed at lower weight intervals. In other words, 
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16. IlluBtration showing the relationship "between espansion path 
and ration lines 
this assTanption states that the substitution rate for 10 per cent protein 
and 150 pound pigs is the saoe regardless of whether a ration of 10 per 
cent protein or a 20-per cent protein ration was fed from weaning up to 
that point. The extent to which this assumption is or is not realistic 
cannot "be evaluated properly at this time. It seems likely that differences 
are not great so long as extreme deficiencies in protein or energy are not 
involved. 
Optimum Marketing Weight 
The least-cost ration for a given output has heen illustrated in the 
previous section. An additional problem is the level of production 
(amoxmt of feed which should he fed to each animal)* The logic is that 
of adding feed and hence weight, as long as the added value of the product 
is greater than the added cost of the feed. In a static context^ this 
takes the form of feeding hogs to such a weight that the marginal rate of 
transformation of feed into pork equals the inverse price ratio of feed 
and pork. Considering a non-static concept where price changes take place 
within the production period, one produces until returns (final price x 
final weight of hog) equal the cost (price of hogs now multiplied "by the 
weight of hogs now plus the cost of producing added pounds of gain). 
This assumes that costs are rising faster than returns for each increment 
of gain. The ahove is "based on the logic of considering the possibility 
of selling now, with the possible returns if sold now "becoming the oppor­
tunity cost for pxirposes of making a decision concernisg selling at a 
later date. 
44 
Production and Utilization of Feeds 
A static model for optinium feed utilization when the feed is both 
produced and consumed on a single farm can oe developed using logic simi­
lar to that already presented. If the farmer produces his own feed and 
does not "buy or sell, the optiBtum ration is that combination of the two 
feeds for which the marginal rate of transformation from given resources 
in feed production, equals the marginal rate of substitution in livestock 
production. In this case, prices are not considered and the objective is 
to maximize pork production, given the restrictions of the possibilities 
of producing the two feeds. This relationship is illustrated in Figure 
17, where line 2T' shows the combinations of the two feeds which can be 
produced, and SS' shows the combinations of the two feeds which can be 
combined to obtain the same product. Point P shows the amounts of feeds 
A and B, which in the total process of production and utilization by hogs, 
will result in the largest pork production. 
Any other feeding combination than that for which the two curves Eire 
tangent would result in a lower product, denoted by an iso-product line 
closer to the origin than line SS' . 
One can also construct a model for the situation in which a farmer 
produces feed but also buys and sells in the market. He can produce corn 
and soybeans in such a manner as to bring the highest return if he sold 
in the market. He can feed as though he were buying in the market. He 
then buys and sells the difference between the feeds he produces and that 
which he needs for livestock feeding. These relationships are illustrated 
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produces his own feed but does not bujr or sell in 
the isarket 
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in Figuxe 19, If the objective is to maximize pork production from home 
grown feeds, one would raise OSi pounds of soybeans and oCi pounds of 
corn, feed them at a ratio of OCj/OSi, and obtain 100 pounds of pork. On 
the other hand, one could produce more pork by raising OSg pounds of soy­
beans, OCg pounds of corn, selling S3S3 pounds of .soybeans, buying C2C3 
pounds of corn and feeding in the ratio of OCs/OSs.^ 
Hon-static Model 
When one considers as a variable the relationships which change dur­
ing the production period, the solution to the problem of combining corn 
and soybean oilmeal to maximize profit in pork production becomes much 
more complex. 
First, the problem of the rate of utilization of total feed require­
ments is in^jortant. This problem arises because production is not an 
instantaneous process, but takes place over a period of time. The method 
of ordering the combination of the two feeds from day to day is therefore 
a variable. To simplify the analysis, a given system of ordering can be 
used, and then it can be compared with another system. In this way, full 
feeding can be compared with different levels of limited feeding. Feeds 
can be combined in fixed proportions and substitution rates can be deter­
mined over small weight intervals as described previously. 
Second, the combination of corn and soybean oilmeal affects the 
length of the production period. A ration specifying a long period of 
^Heady, Earl 0. and Olson, Sassell 0. Substitution relationships, 
resource requirements and income variability in the utilization of forage 
crops. Iowa Agr. Sta. Ees. 3iil. 390. 1952. 
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production may increase lator requirements, may jaean that capital is 
invested for a longer period of time, or that more capital is required 
for housing or other facilities if the feeding periods of pigs farrowed 
at different tiaes during the year overlap. 
2hird, the length of the production period influences the price 
which can he o^btained. Msirket hog prices generally follow a seasonal 
pattern. The peak prices usually occur in March and Axigast, with the 
te-oughs in May and December. 
Eelationships involved in the length of the production period can 
he obtained by superimposing an iso-time curve on the iso-product diagram. 
This is illustrated in Figure 19 where, for a given price ratio, the 
cheapest combination of the two feeds to obtain 100 pounds of pork may 
be OCi/OSi. Shis results in a production period of 60 days. One notes 
that 100 potinds of pork could be obtained in 55 days by feeding at a ratio 
of OCa/OSg. The optiimim ration consistent with non-static analysis is that 
at which the added cost of saving a day in the production period equals 
the expected added discounted rettirn. 
If one assiHies a static situ8.tion and a partial equilibrium where 
only the variables of the combination of feeds and marketing weight are 
considered, the optimuH ration is such that the marginal rate of substitu­
tion between any two feeds is inversely equal to the price ratio. Optimum 
marketing weight is that weight at which the marginal rate of transforma­
tion of any feed into pork is inversely equal to the price ratio of feed 
and pork. 
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A non-static partial equili'briuin, however, would "be more complex. 
The marginal conditions do not provide a aeaningful and unique solution 
in themselves. One could attempt to maximize a profit equation in which 
profit eouals returns uiinus costs, returns equals pounds of por^ tiiues 
the price of pork, and cost equals cost of corn plus cost of so7he8Ln oil-
meal plus other costs. Assuming the farrowing date fixed, the price of 
pork is a function of the length of the production period or of corn, 
soybean oilmeal and msirket weight. 
A more useful hut more complex model would atteaipt to maximize returns 
to the hog enterprise. In many cases it is not realistic to assume that 
all other factors but the feed combination are fixed. Time of farrowing, 
marketing weight, restrictions in use of breeding herd or facilities, 
production risk, price xmcertainty and other factors mast be solved 
simultaneously to obtain a useful and meaningful solution. This is out­
side the scope of this study. As steps in this direction, determining 
the least cost ration, the minimum production time ration, the optimum 
marketing weight for a given ration, and the added feed cost of reducing 
the production period—these provide bench marks from which to make 
decisions. 
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LOGIC OF EXPEEIMEHm PEOCEBDBES 
She esperinental procedtires are largely detemined by the direction 
indicated by the theoretical model. In this case, we are primarily con­
cerned with obtaining substitution rates to be equated with price ratios 
which, being a rate of change problen, cleajrly suggest use of regression 
analysis as the basic statistical technique. For relationships involving 
continuous rather than discrete variables, regression is a far more effi­
cient tool than smalysis of variance. For continuous variables it (a) 
makes it possible to predict (interpolate) between observations (b) allows 
the use of rate of change as a tool of analysis and (c) gives the line of 
best fit with statistical reliability determined from the coefficients 
functioning over the entire range of data, rather than from the difference 
of two points on a curve as in analysis of variance. 
While our model identifies the use of regression to obtain iso-
product curves as a preliminary step in arriving at substitution rates, 
we still have a number of alternatives in carrying out this procedure. 
One method is to obtain a regression equation for the iso-product 
curve for each given output, as Xi = fCxg). This procedure requires a 
large number of observations for each output level chosen, does not allow 
direct interpolation between outputs, mates it necessary to weigh each 
pig at exactly the right output level, and has the added disadvantage of 
obtaining a different line of best fit, depending on which input is 
arbitrarily selected as the dependent variable. 
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Anotlier possibility is to obtain the production surface so that one 
can predict any output from stated inputs within the range of the data. 
This procedure allows interpolation between outputs and combinations of 
inputs obtained e::q)eriaeatally. She regression equation showing combina­
tions of inputs for a whole range of outputs cuts down the number of obser­
vations needed and eliminates the necessity of obtaining obserrations at 
exact output levels. Thus, pigs can be weighed at regular intervals 
without having to watch for the exact output level to obtain an observa­
tion. Also, a great deal of valuable information not obtainable from a 
single iso-product curve, such as factor-product relationships for given 
rations, can be obtained from the production surface equation. One always 
has the alternative of running a function over the entire weight range of 
the experiment or of breaking this down into several parts. On the basis 
of logic smd past eacperience, this latter method is adopted as the best 
technique. 
One also needs to consider what the production surface is to repre­
sent. One has to make a decision between being able to predict with a 
high degree of accuracy for only a very limited and specific technique of 
production, or trying to base the relationships on a wide range of condi­
tions so as to give a wider, less accurate range of application. 
Thus, for a limiting case, the physical input-output data for just 
one pig could be obtained. Obviously, Just one combination of feed iig)uts 
could be fed so that, within the limits of accuracy in meastiring feed and 
growth, a vertical plane of the production surface of this one pig would 
be known. Ho information would be available on other feed combinations, 
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or on which, comhination is the most efficient. At the other extreme, one 
could inclnde ohservations from a wide variety of feeding systems. In 
this case the accxiracy for predictiisg to any one feeding technique would 
he open to question. 
An ideal solution to the problem of maximizing profit in pork pro­
duction would involve obtaining ii^jut-output data for a large noaber of 
factors. Thus, "breed, samitation practices, feeding system (foil feed or 
limiting feeding at different periods of growth, or pasture versus drylot 
feeding), amoxints of individual vitamins, minerals, antibiotics, period 
of farrowing, marketing, et cetera, all have their effect on profits. 
Our task Is to reduce the number of variables to manageable proportions, 
hold others constant and still retain the ability to predict input-output 
relationships with some degree of accuracy. For example, the study can 
be limited to fxxll feeding a corn-soybean oilmeal ration in drylot for 
intermediate type hogs. 
Design of Feeding E:!qperiment8 
The design of the feeding trials should be developed within the 
framework of the theoretical model so as to obtain the needed data effi­
ciently. In this case, the model clearly delineates the form of the 
feeding trials. 
In attestptiog to estimate the prodtiction surface parameters, data 
are needed covering a broad area of the snrface. Thus, one can thliik of 
a grid of observations all eotially ^aced, as in Figure 20A. Logic would 
suggest that each observation be obtained by generating a linear path 
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along the base plane of the production surface. The difficulties 
encountered when a linear path is not followed are illustrated in yigaxe 
21. Eation A (line OCE) is one system of feeding for a constant per cent 
protein (such as 14 per cent) in the ration. Eation B (line ODE) is 
another feeding system where protein is fed at a higher rate than 14 per 
cent up to 75 pounds and at a lower rate than 14 per cent from 75 pounds 
to point 1, Under "both feeding systems, the same quantities of corn and 
soybean oilmeal have "been consteaed at point S. However, in the case of 
ration B where protein was fed in heavier amounts up to 75 pounds than 
was true in ration A, one would expect a lower marginal product from the 
last pound of protein fed. Similarly, in the range between 75 pounds and 
point 1, a lower per cent protein was fed, and one would espect a higher 
marginal product from the last pound of protein fed to pigs on ration 3 
than on ration A. Thus, one has no reason to espect point E to represent 
the same quantity of gain under the two feeding systems. 
The iso-product curve through point E for ration B represents the 
feed quantities needed to produce the given gain, provided that same 
feeding system is used. Ihas, if one pound of protein replaced two pounds 
of corn at point E and the price ratio of protein to corn is two to one, 
ration B is the lowest cost ration, given that system of feeding different 
levels of protein for different weight hogs. However, one does not know 
if the particular weight intervals and changes in ration between intervals 
are the most efficient. 
furthermore, when one looks at the practical difficulties of feeding 
hogs, one sees that it is not possible to hold the inputs of soybean oilaeal 
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or corn constant while the other is varied. So one arrives at a feeding 
system of keeping the per cent protein in the ration constant as heavier 
weights are reached. This gives a grid of observations such as those in 
Figure 20B, where lines A3CDEFG- and H are ration lines, each denoting a 
protein level (i.e., corn and soybean oilmeal combined in fixed propor­
tions) . 
If the pigs are fed in individ^ial pens, the feed consumed for each 
pig and the weight gained during the weigh period constitute an observa­
tion. If, however, there are several pigs in each lot, the amount of feed 
consumed is obtained only for the lot and the average feed and gains of 
the lot become an observation. Ideally, it would be better to use the 
gains and feed consimed for each pig rather than an arithmetic mean for 
each lot. In this way, our line of best fit gives minimua variance of the 
deviations of each pig rather than of the means of each lot. By averaging 
the feed and gains of several pigs we have eliminated some of the varia­
tion so that the proportion of variance accounted for by regression (B) 
refers to variance of the lots and not of pigs. SimilaLrly, the standard 
error and other measures of dispersion refer to lot means rather than 
individual pigs. iPhese considerations are not of crucial importance if 
only the line of best fit is desired, but would limit application of the 
results for considerations on the variability of gains. 
Another disadvantage of group feeding is that if one pig is sick or 
dies, the feed inputs for this pig cannot be eliminated, so that the data 
for the whole lot are of questionable value. Group feeding has the prac­
tical advantage of redticing the nomber of lots needed to obtain a given 
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level of statistical significance, smd may reduce la"bor and facility 
requirements. On the other hand, a given level of statistical significance 
can be obtained with fewer pigs if individual feeding is used. There is 
also some logic in supposing that pigs in separate pens eat and conse­
quently gain at a different rate from that of the animals fed in lots. 
Present evidence seems to indicate that this possibility is not of great 
importance. Considering all factors, it appears that individual feeding 
is the most desirable practice. 
It is apparent that feeding trials for obtaining data for production 
functions differ in several important respects from customary procedures, 
(l) The pigs should be fed a ration containing the two feeds in fixed 
proportions (i.e., a constant protein level for corn-soybean oilneal 
experiments) over the entire weight range over which the function is to 
be fitted. The usual practice is to reduce protein levels as the pigs 
reach heavier weights. (2) Levels of protein should extend above and 
below the desired range of application to obtain accurate estimators 
within the desired range. Eandom variations on the extremes of the data 
have more effect on the line of best fit than variations of the saae magni­
tude within the extremes. (3) Observations should be evenly spaced in a 
grid over the surface. Thus, replicates are not needed as in the usual 
analysis of vairiance. (4) Observations for each pig or lot should be 
terminated after a constant level of feed consumption rather than after 
attaining a given weight, to avoid giving animals with low feed efficiency 
undue weight. 
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logic of Curve Fitting 
The method of least square regression (minimizing the sons of squares 
of the deviations) gives the smallest variance or standard error among 
all unbiased estimates of the coefficients which enter the equation in a 
linear fashion. One nakes only the assumption that the errors of estimate 
are independent and that the independent variables are measured without 
error, but for tests of significance, the assuaption that errors are 
normal Hiust be made.^ 
The determination of the type of curve (straight line, quadratic or 
esponential) to be fitted depends on logical and statistical considera­
tions. !i?his section is concerned with the logical implications of several 
types of carves. 
Exponential functions 
A type of curve frequently used to e^^ress the relationship between 
growth T and a variable z is a modification of an ezponential series. 
fhis type of trend appears when the T values form a decreasing geometric 
series (such as 16, 8, 4, 2, 1) eind the x values form an arithmetic pro­
gression (l, 2, 3, 4, et cetera). 
One of the best known and widely used curves of this type is the 
Mitscherlich curve. Mitscherlich, an agronomist, assumed that a plant 
should produce a certain maximum amount (A) if all conditions were ideal, 
iJintner, &. Econometrics. New York, John Wiley & Sons. 1952. 
p. 27. 
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tut insofar as an essential feictor was deficient, yield would be less. He 
further assumed that the increase of crop produced "by unit applications 
of the lacking factor is proportional to the extent to which the yield is 
less than the maxinraBi. He used the curve Y = A(i-e~®*) where T is the 
yield for Sj units of variable resoxirce (assuming T = 0 when z = 0), A 
is the maximum yield and C is a constant or proportionality factor assumed 
to be a constant for each type of fertilizer, independent of crop, soil or 
weather conditions. She marginal physical product (dT/dx) is then 
(A-I)C or Ce~®*. 
The Suillman curve 
A fona of the exponential curve better knowito economists than the 
Mitscherlich is the Spillman curve, T = where M is the limit 
approached as x approaches infinity and E is a ratio of decreasing geo­
metric series, the terms of which are the respective increments in yield 
for successive inputs of x. A is a theoretical matinraa increase in Y 
obtained by increasing x infinitely. 
The Spillman type curve can be fitted graphically, by least sqxiares 
or by the method of logarithms. 2he method of least squares requires 
that S be found by trial and error. Characteristics of both of these 
exponential curves of concern to curve fitting in agricultural production 
research are as follows: 
1. They permit diminishing marginal product. 
2. The marginal products sire a decreasing geometric series which 
approach sero asymptotically, They decrease at a decreasing 
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rate and the ratios of any two consecutive marginal products are 
equal, i.e., MPPj/MPPg = MPPa/MP?^. !i?hey can never "be negative. 
3. One cannot get a diminishing total product since it approaches 
the value M or A asymptotically.^ 
4. One cannot get increasing total returns over any segment of the 
curve. 
5. One cannot obtain all the parameters hy least squares. 
Power functions 
Functions of the type Y = ax^ are what is known as power functions. 
The Cohh-Bouglas function (as it is called by economists) is frequently 
2 3 
used for production functions because (l) the elasticity can be obtained 
directly from the parameters; (2) it involves finding fewer parameters 
than would be required for a quadratic equation, therefore involving less 
computational work; (3) it permits decreasing marginal returns using a 
limited number of degrees of freedom; (4) if errors are small and normally 
distributed, transformation into logs so as to use least squares, pre­
serves to a substantial degree the normality of the errors. 
A modification of the Mitscherlich curve suggested by Willcoz 
(Willcox, 0. ¥. Yield-depression effect of fertilizers and its meastire-
ment by the universal yield diagram. Jr. Am. Soc. Agron. 36:20. 1944) 
is Y = A(l-10~^*)l0~^3r allow diminishing total product. E is a 
depression factor. 
Vintner, S. A note on derivation of production functions. Econo-
metrica. 12:26-34. 1944. 
Elasticity refers to the per cent increase in product on^the average 
when the given factor is increased by one per cent. If Y = 2q» and q. = 
100, then Y = 20. If q = 400, then Y = 40 and ^  _ 400 _ 1^ _ -jj 
20 ' 100 2 ~ * 
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To o"btain. a prodtiction surface two variaT)les are used, therefore, 
^ c Y = axi • Several characteristics of this curve are iinportant for 
production fuaction applications, (l) Total product has a constant 
elasticity, it never "becomes horizontal or decreasing. Two total product 
curves representing two levels of a second resource are always propor­
tional. (2) Marginal products "become asymptotic to "both axes, and can 
therefore never "be negative. They will always "be convex to the origin. 
The equation reduces to "ty/x, indicating that they are a function of only 
the ratio of product to resource. (3) Iso-product curves are asyisptotie 
to "both axes.^ The slope, or substitution rate equation, reduces to 
csr^l'bX'^, indicating that it depends only on the ratio of the two resources. 
Therefore the expansion path will he linear. The amount of one resource 
needed to reach one contour is a constant^ tines that amount needed for 
another contour moving along a ration line. 
In terms of the model presented for corn-soybean oilmeal rations, 
use of the Cohh-Douglas equation results in a single least-cost ration 
and a single minimuia feed ration regardless of the weight of the pig. To 
alleviate these limitations, separate functions can he determined for 
different wei^t hogs. 
Polynomial fvinctions of one variable 
Equations of the type Y = a ± bx, Y = a t bx i cx^, Y = a i bx i 
cx'^ - da? or some combination of these terms, are frequently used to 
^This assumes that both coefficients are positive. 
^The constant is (Y^/y_ 
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express functional relationships. The hi^est power to which z appears 
is the degree of the polynomial. 
T = a i bz gives a total product which is a straight line, Ihis is 
usually inappropriate to express production relationships "because it 
assumes that the marginal physical product is a constant, so that one 
does not get decreasing returns. In the special case where T = hx, it 
gives a constant average product. 
Equations of the type Y = a + "bx + cz® allow a curvilinear relation­
ship in the total product curve, and the marginal product is a straight 
line. Equations of the type T = a + hx + cx? + dx® give a cxirvilinear 
marginal product curve. It allows the total curve to "be sigmoid, that is, 
increasing at an increasing rate at first, then increasing at a decreasing 
rate, and finally declining. The form of the fitted curve depends on the 
signs of the terms and the coefficients, so that several possibilities 
are provided for. If both the square and cube terms are negative, while 
the X term is positive, one will get a total product curve which is con­
cave to the z axis over the whole range. 
The logic of considering a square term versus a square root term in 
the equation is of major iaiportance. For a hypothesis that there are 
diminishing returns at an increasing rate, the square or cube term is 
appropriate, and if the hypothesis is that of diminishing returns at a 
decreasing rate, the square root term is appropriate. The square term 
has been almost universally used in this type of equation, but in fitting 
eq^uations to biological data, the square root term may have a more logical 
basis. In many of these types of problems (but not always) there is a 
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definite limitational effect when a nutrient or element is in short supply. 
This is particularly true when there are no close substitutes included for 
the factor under consideration. Shis is frequently the situation in crop 
and animal input-output relationships. 
Polynomial functions of two variables 
For use in estimating a production surface, the equations outlined 
in the preceding section for one variable can be adapted for two variables: 
thus one may have 
(1) T = a + bxi + czg + dxi® + ezg® + fxjZs 
(2) Y = a + bXi + cig + dxi® + exs^ + f S. 
Zl 
(3) Y = a + b 7 Zl + c /za + dzi + ezg + f / ZiZg 
or similar coabinations. Solution of iso-product CTirves for equations (l), 
(2) and (S) can be accomplished by solving the quadratic formla 
X = -b b^ - 4ac 
2a 
For many types of data it is desirable to include in the function a 
term which will account for the effect of the two resources in combination, 
in addition to the effect of the two resources used separately. If a 
function such as Y = bzi + cxg is used and if total product is 50 when 
Za is 100 and also is 50 when Zi is 100, total product when both and 
zg equal 50 will be the sum of the two separate products or 100. In this 
case, interaction is zero. 3?he productivity of one resource does not 
depend on the level of the other resource. Interaction may be positive 
or negative, depending on the effect of one resource on the other. 
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fienerally, one would attach considerable weight to the hypothesis that 
interactions were present in swine feeding when nutrients are in part 
limitational in nature. Interaction may "be accounted for in the quadratic 
type production function "by including a cross product (xi* Xs), 
is/zi or similar term.^ 
Past Hesearch Procedures 
Eesearch workers in "both anieal nutrition and farm management hare 
conducted research over the years on the level of protein to feed in hog 
rations. One approach "by the technical scientists has "been to attempt to 
deternine the amount of protein needed hy the animal for maintenance and 
growth. Studies of this nature are usually "based on atetaholiso tests and 
slaxighter data. Ihe objective is to determine the lowest level of protein 
intake which will give the aaxinrum total retention. 
A second method has "been to find the ministuia level of protein which 
will give a maxiHum rate of growth. Many of the recent studies of this 
nature have "been designed for analysis of variance. !i?he o"bjective in this 
case is to determine that level of protein "beyond which a higher quantity 
of protein fed in the experiment does not result in a significant increase 
in daily rate of gain. Each ration fed is thus considered as a discrete 
situation, and no interpolation "between levels is attMipted. 
Our traditional feeding standards of today aure "based on these maay 
individual experiments from many experiment stations. The first of these 
^In some cases the "interaction" term could "be eliminated "by rotating 
the axis. This might be the case with a cross-product term. 
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accucmlations was presented "by Wolff and Lebmann in Germany. They were 
widely used in "both Europe and America. 
Later, Kellner in Germany (190?) and Armshy^ (1917) in the United 
States developed standards, "but the "best known feeding standards of today 
2 
are the Morrison feeding standards first published in 1915* In the past 
few years emphasis has shifted to the amino acid requirements as well as 
to the quantity of protein as a whole. 
Hecommended protein levels from several sources are shown in Tahle 1, 
These standards give the farmer and research worker a "benchmark, i. e., 
(in most cases) the ration which will give the fastest daily rate of gain. 
As such they have heen useful through the years. They do not serve as a 
useful guide for maximizing profit ezc^t under rigid production condi­
tions. In terms of oxsr hypothetical model, they snggest com"bination in 
fixed proportions and the possi'bility of using larger amounts of the 
relatively cheaper feed is not emphasized, while modem animal nutrition 
theory recognizes the productivity and substitution relationships involved 
in alternative rations, the single protein recommendation or a recommended 
range in protein level has "been retained in the absence of an economic 
framework. 
In Table 1, differences in recommendations are due in part to differ­
ent criteria and variations in the quality of protein. The differences 
between the new ami old Iowa recommendations are due mainly to addition 
of vitamin antibiotics in the ration. 
^Arms'by, Henry P. T^ nutrition of farm animals. Hew York, Macmillan 
Co. 1917- 7^3 pp. 
Morrison, ?rank B. Feeds and feeding. 21st edition. Ithaca, Ifew 
York, Morrison Publishing Co. 19^9* 1190 PP' 
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lalJle 1. Eecoffloended per cent protein in growing-fattening 
swine rations ffom five publications 
Weight of hog Station or source and year of -ptiblication 
Iowa 
1952a 
Iowa 
1949^ 
Morrison 
1949C 
Penn. 
19^0^ 
Nat. Res. 
Council 
1950© 
(per cent) (per cent) (per cent) (per cent) (per cent) 
6o Ik  16 lS-20 17-22 16 
110 12 16 15-17 17-20 14 
175 IC 13 13-1^ 15 13.3 
®Catron, Damon and others. Hogs need less protein with "balanced 
rations. lova Farm Science. 6j131-133• 1952. 
^lowa State College. Midwest farm hand"boolc. Ames, Iowa, Iowa State 
College Press. 19^- p. 86. 
Morrison, Prank B. Feeds and feeding. 21st ed. Ithaca, ITew Tork, 
Morrison Publishing Co. 19^. p. 9^. 
%eith, T. B. and Miller, E. C. Levels of protein for pigG. Penn. 
Agr. Ezp. Sta. Bui. ^ 1. 19^0. p. 22. 
^atioiaal Hesearch Cottncil. Committee on Animal Hutrition. Recom­
mended natrient allowance for doaestic animals. H"©. 2 Swine 
(Revised). The Council. 1950. Table 1. p. 2. 
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Many farm management studies have attempted to isolate factors 
affecting profit in the hog enterprise from farm records. This technique 
lacks sufficient experimental control to enable individual factors to "be 
selected for evaluation. 2hs data reproduced in Table 2 illustrate this 
difficulty. The difference in death losses among the three groups of 
farms points to the supposition that management and sanitation practices 
Table 2. Kog feeding i]:5)ut-output data obtained from 
Illinois farm records ^  
Characteristics of farms where 
Item concentrate fed per 100 lb. gain is 
200-399 400-599 600-799 
pounds pounds pounds 
ISFomber of farms 26 60 10 
Bumber of sows per farm 16 17 8 
Carbohydrates per lb. protein 7.5 8.1 9.2 
Daily gain 1.06 .98 .96 
Days pigs on farm after weaning 199 234 219 
Death losses among suckling pigs 29.2 32.3 40.2 
Cost of 100 lb. gain after weaning 6.69 8.62 11.19 
vary among the three groups. This factor is confounded with the other 
factors being studied. 
Another esample of iigjut-output data is shown in Table 3. This data 
is obtained from farm records over a 10-year period, but the law of large 
numbers does not eliminate the difficulty of obtaining sufficient control 
to isolate a single factor out of the large number of characteristics 
which differ among the groups of farms. If the farms in each classifica­
tion were similar in all relevant characteristics except protein level, a 
long time average benchmark pointing toward efficient rations would be 
^V/ilcox, H. H. and others. Some important factors affecting costs 
in hog production. 111. Agr. B351. Sta. Bui. 390* 1933» P- 33-
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obtained. So  indication of optimum protein level for a particular set of 
prices is indicated. 
Tatle 3« Input-output data from Minnesota farm records^ 
Heturn over feed per cwt. 
Average per cent protein (dollars) 
10.6 1.03 
12.0 l.ifO 
13.5 1.65 
15.0 1.84 
16.5 1.71 
19.3 1.82 
Attempts have also been made to equate the substitution rates with 
the price ratio, assuming that substitution is at a constant rate. A 
recent article'' points out that if corn costs one dollar a bushel, one 
could feed oats instead with the same cost per 100 pounds gain if oats 
cost 51 cents. Similarly, one could feed barley at 78 cents or wheat at 
one dollar and 12 cents and sorghuia at 90 cents a bushel. If corn costs 
one dollar and 60 cents a bushel, these other prices are uroltiplied by 
1.6 to obtain saae-cost combinations, l^o indication is given in the 
article on the range over which these values apply. 
This type of data is far superior to the fixed ration type of data 
given in most feeding standards. It allows the fanner to malce some 
adjustments for changing prices. 3!he main difficulty of these "rules of 
thumb" is that they have seldom been sufficiently explicit to be useful 
^odland, iP. H. and Pond, &. A. Managing hogs for greater rettims. 
Minn. Agr. Eap. Sta. Bui. 379- 19^- p. 11. 
%orse. True D. What's your best feed buy? I'arm Journal. 76(no. 
10):39. Oct., 1952. 
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7igtire 33. Illustration of a linear substitution assumption 
for segnents of an iso-gain curre 
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in making decisions. Thus, different rations and substitution rates apply 
to hogs of different weights, and a "rule of thumh'' that Z pounds of pro­
tein substitute for a pound of corn can "be useful only vithin a range, 
heyond which a new relationship exists. While the true relationship is a 
continuous curve, one can assinne linear substitution relationships for 
given intervals without aiuch error. In Figure 32, the true iso-product 
curve may oe AA'. A single substitution rate such as two pounds of corn 
for one pound of protein suggests a relationship like 3B'. However, we 
could isolate the relationship as the three linear line segments AC, CD 
and DA', with negligible error.^ 3?hese rules of thuab could also be 
improved if feeding trials were designed for this puii^ose. In many cases 
they are based on judgments without specific evidence. 
•^his approach is a form of linear prograoming in which the ranges 
AC, CD and DA' are considered as different techniques. 
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DEEITATIOIs OF EMPmCAI ESTIMATES 
Three feeding trials are used as the "basis for this study. Data 
from E:iqperiiaent 506 were already available when this study was undertaken. 
In this ejqjerimental setup, four different sets of protein levels were 
fed to four lots of pigs on each level. Starting protein levels were 20, 
18, 16 and 14 per cent. When the pigs reached an average weight of 75 
pounds, the protein levels were reduced to 17, 15, 13 and 11 per cent, 
respectively. At 150 pounds, the levels were again reduced to 14, 12, 10 
and 8 per cent protein. One-half the pigs were fed 10 milligrams of 
aureomycin per pound of feed. A total of 128 weanling Duroc pigs, aver­
aging approximately 34 pounds, were randomly allocated, eight to a lot. 
The design was not ideal for o\zr purposes, since there were only four 
levels of protein and the level fed to each pig was reduced as heavier 
weights were reached. However, it was felt that it was worthwhile to 
include it, and it served as a means of testing procedures before other 
data hecanie available. 
Baperiment 536 was designed for the joint requirements of this study 
and for purposes of the Animal Husbandry Departnent. Each lot retained 
the same protein level throughout, and contained six levels of protein 
(10, 12, 14, 16, 18 and 20 per cent crude protein). Shere were three 
replicates with aureomycin, three replicates without antibiotics and two 
replicates with terranycin. The 192 pigs were randomly selected from 
outcome groups for the 48 lots, four pigs to a lot. The decision to feed 
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a single protein level to each lot throughout the feeding period reflects 
the logic set forth in the section, logic of Sxperimental Procedures. 
!Ehis technique is in sharp contrast to usual practices where protein level 
is reduced at heavier weights. The usual practice of replicating lots 
was retained to fulfill requirements for other studies using analysis of 
variance. 
The pigs were weighed every two weeks and feed consumed was accumu­
lated to provide input-output observations at varying points over the 
growth period. !?he pigs were taken off the experiment at 200 pounds, part 
of the group heing used for another study on the effect of protein level 
on carcass quality. Some of the pigs in this experiment contracted a skin 
disease, which increased the experimental error and reduced feed effi­
ciency. In the spring of 1952 the eaperiment was repeated with six pro­
tein levels, three replicates with and three replicates without aureomycin. 
This was Experiment 554. 
In all three of these experiments, com was used as the main source 
of carbohydrate, and soybean oilmeal as the source of protein. In all 
three ea^jeriments, the soybean oilmeal was about 45 per cent crude protein. 
The per cent protein in the corn, however, varied from 8.4 per cent in 
Es5)eriment 554 and 8 per cent in Ijcperiment 506, to 7.2 per cent in Experi­
ment 536. 
The corn and soybean oilmeal was supplemented in each case by about 
4 pounds of minerals, including steamed boneraeal, iodized calcium carbon­
ate, iodized salt and trace minerals, and 10 grams of vitamins (including 
vitamins A, Dg, 500 meg. of Big, niacin, pyridoxine, riboflavin and 
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thiamin) per 100 pounds of feed. The lots with antibiotics (except for 
EjEperioent 506) received 500 mg. per 100 pounds of feed. In all esperi-
!aents the complete ration was ground, mixed and self-fed. Water was 
available at all txnies* The pigs were confined to concrete pens durxng 
the entire feeding period. 
While the breed of hogs was not the sane in each case—Duroc in 
Sxperiment 506, Duroc and Buroc x Landlace s Poland in Szperiment 536 and 
Poland Chizia x Landlace x Duroc in Sjroeriment 554—there is usually a 
greater variation within breeds than between breeds.^ The pigs in Saperi-
aents 536 and 554 would be expected to attain similar daily gains and 
feed efficiency. 
Basic Equations 
Equations of the Cobb-Douglas type (T = aP^C®) were determined for 
the entire growth period for which data were available and, in addition, 
equations were determined for smaller weight intervals for greater 
accuracy in substitution rates at particular points. For the Cobb-
Dotiglas equations the substitution rate depends only on the ratio of the 
two feeds (dxg _ b ^ ) so that these interval functions allow use of this 
dxi c xi 
equation when the substitution rate changes over the growth period. The 
same procedure was followed for quadratic type equations. In each case, 
T refers to pounds of gain, P refers to pounds of 45 per cent solvent 
soybean oilmeal, and C refers to pounds of corn. In each case, gains and 
%azel, I. S. Relationships between leanness, fatness, growth rate 
and economy of gain in pigs. Department of Animal Husbandry, Iowa State 
College (mimeograph). September, 1952. 
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feed are ctunulated from the "begiiming weight of the interval, except for 
the four alternative equations for Bzperiaent 536 so indicated. 
The product-factor relationships are: 
I. Production Junctions^ 
A. Esperiment 536 
1. With aureoaycin 
(a) Cohh-Douglas 
40 - 75 lb. Y = 1.4450 .547 P .289 
75 -150 lb. Y = .5550 .795 P .151 
150 -200 lb. Y = .4670 f796 ? .161 
overall 1.3600 
.630 ? .201 
(h) Qiiiadratic 
40 - 75 Ih. Y = 1.508 + .2990 + .854P - .000490^ -
.0107P® + .00172CP 
75 -150 Ih. T = -4.956 + ^ 365C + .364P - .0002790® -
.000796?^ - .4956CP*»* 
150 -200 Ih. T = .827 + .2420 + .220P - .0002890^ -
.0053P® + .002860? 
overall T = 2.032 + .324C + .464P - .0001290^ _ 
.000917P® - .0001110? 
2. Without aureomycin 
(a) Oohb-Douglas 
40 - 75 lb. Y = 1.658 C 
75 -150 Ih. Y = .342 C 
150 -200 lb. Y = .345 0 
overall Y = 1.174 C p 
^*** significant at less than 20 per cent level, ** significant at 
10-20 per cent, • significant at 5-10 per cent, no asterisk significant 
5 per cent or better. 
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("b) Quadratic 
40 - 75 lb. T = 3.026 + .141C + 1.300P + .000635C®** 
-.0182P® - .000902CP*** 
75 -150 lb. T = -7.478 + .444C + .061^J»» 
-.00050102 + .000125P - .000069CP*** 
150 -200 lb. Y = -2.107 + .3140 + .161P»» - .0004690^ 
-.00255P2 + .00114CP** 
OTerall Y = 2.815 + .3180 + .348P - .0001080® 
-.000665P2 - .000118CP«» 
For the Cobb-Douglas equations all the coefficients are significant 
at the one per cent level of probability, ezcept the 75 to 100 pound inter­
val without aareoaycin. Ihe skin disease appeared to be most serious 
during this growth period. The cross-product (interaction) tena, CP, was 
not significant at even the 20 per cent level for most of the quadratic 
interval functions. However, it was retained on logical grounds as giving 
the best estimate of the factor-product relationship. Presence of this 
term allows for any possible interaction of iratrients. Animal nutrition 
logic strongly implies the presence of interaction and is the basis for 
the concept of balanced rations, failure to obtain statistical signifi­
cance may be due to (l) the fact that our experimental data are over only 
a segment of the surface (from 10 to 20 per cent protein), (2) presence 
of imilticollinearity or a correlation between the cross-product term and 
the other independent variables or (3) selection of an inappropriate term 
to reflect interaction. 
Cobb-Douglas interval equations where gains and feed are CTamulated 
from weaning rather than from the beginning of the interval are: 
3. Cobb-Douglas interval equations with beginning weight 
at weaning 
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(a) With aureom7cin 
75 - 150 Ih. Y = 3.421? C 
150 - 200 Ih. Y = 14.54 P C 
(h) Without aureomycin 
1^** 714 
75 - 150 Ih. Y = 1.010 P C * 
.070 .490 
150 - 200 Ih. Y = 5.376 P C * 
In S35)eriment 554, the coefficients for the Cohb-Bouglas equations 
were all significant at the 5 per cent level or "better. Again, aost of 
the quadratic equations bad one or more coefficients not significant at 
the 5 per cent level. Ihe equations are: 
B. Esperiment 554 
1. ¥ith aureomycin 
(a) Cobo-Douglas 
31 - 75 Ih. Y = 1.874P C 
75 -150 Ih. Y = .815P C 
150 -200 lb. Y = .523P C 
overall Y = 1.412? C 
(b) Quadratic 
31 - 75 lb. Y = 4.424 + 1.118P + .,20080 - .0004060 
+ .00986PC-.0298?'' 
75 -150 lb. Y = 1.365 + .44§5 + .3110 - .00395P® 
- .0001730^ + .000964?0*» 
150 -200 lb. Y = 4.687 + .01|5P*»* + .263C + .00309P® 
+ .0001270® ** - .000994PC»« 
overall Y = .125 + .995P + .2820 - .000865?® 
+ .000046C® - .00144PC 
3** 
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2. Without sxireomycin 
(a) Co'b'b-Doxiglas 
31 - 75 lb. Y = 1.820 P C 
75 -150 It). Y = .814 ? C 
150 -200 It. Y = .428 P C 
overall Y = 1.5770 P c 
( l a )  Quadratic 
40 - 75 lb. Y = 2.892 + .996P + .2860 - .OITP® 
- .000543C2** + .00486PC* 
75 -150 lb. Y = .317 + .472P + .290C - .00570p2 
- .0003120^ + .00207PC 
150 -200 lb. Y = -5.561 + .158P*«* + .3820 
-.00368P®* - .000474C® + .00148PC»»» 
overall Y = 6.441 + .692P + .2580 - .00307P® 
- .00007702 + .000615PO 
She overall equations for Sxperiment 506 are: 
0. E:iq>eri]nent 506^ for hog weights from 35 to 200 pounds 
1. With aureomycin 
(a) Oobb-Bouglas overall, 35-200 pound pigs 
Y = 1.341P 0 
("b) Quadratic overall 
(1) Y = 6.766 + .447P + .336P - .OOOIOIP^*** 
- .000090® - .000491PC 
(2) Y = 7.264 + .438P + .3330 - .00122P® - .0001250^ 
(3) Y = 8.802 + .247P + .3640 - .0001680® 
(4) Y = 14.337 + .315P + .2670 
^Significant at less than 20 per cent level designated by •**, signi­
ficant at 10-20 per cent by •*, significant at 5-10 per cent by •, no 
asterisk indicates significant at 5 per cent level or better. 
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2. Without aureomycin 
(a) Co'bh-Douglas overall, 35-200 pottad pigs 
Y = 1.558C P 
(b) Quadratic overall, 35-200 pound pigs 
(1) Y = 6.844 + .323C - .000130C® + .S36P 
- .00086?^ + .000319CP*» 
(2) Y = 6.569 + .321C - .OOOIC® + .351P - .00119p3 
(3) Y = 8.105 + .351C - .00014502 + .165P 
(4) Y = 13.332 + .270C + .209? 
The data from these three experiments were pooled in different ways 
•because of apparent differences between experiments. The effect of the 
skin disease and an apparent difference in the quality of the corn used 
are probably jointly responsible for the lower feed efficiency in Experi­
ment 536. Experiment 506 had contours similar to Eaqjeriment 554, but 
observations were available over only part of the surface, protein levels 
were not constant over the entire growth period, and the breed of hogs, 
Duroc, might result in input-output relationships slightly different from 
the other two e:3q)eriments. 
Accordingly it was felt that for different purposes, either one, two 
or all three experiments might be the most appropriate. 2he pooled equa­
tions are: 
D, Production SHmctions Experiments 536 and 554 pooled 
1. With aoreomycin 
(a) Cobb-Douglas 
34 - 75 lbs. Y = 1.60 P C 
75 -150 lbs. Y = .714 P C 
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150-200 lbs. T = .439 ? 0 
TT VI ICO w .200 - .636 overall T = 1.369 P C 
("b) Q;aadratic 
34 - 75 lbs. T = 2.149 + .996? + .280C - .0205P® 
- .00066902 + .00590PC 
75 -150 lbs. T = -3.494 + .420? + .374C - .OOllOP^** 
- .000278C - .000625 PC** 
150 -200 lbs. T = 3.476 + .102P*** + .2370 
+ .000102P^*** + .000096C®*** 
+ .000257PC»»» 
overall Y = 3.004 + .582? + .314C - .00144?^ 
- .0000990® - .000118PC*** 
Without aureomycin 
(a) Cobb-Douglas 
34 - 75 lbs. T = 1.662 P C 
75 -150 lbs. Y = .614 P 0 
150-200 lbs. Y = .343 ? 0 
Overall Y = 1.422 P C 
(b) Quadratic 
34 - 75 lbs. Y = 3.133 + .941P + .258C - .0103P® 
- .0002140®*** + .00152PC»»» 
75 -150 lbs. Y = 4.066 + .363P + .367C - .00299P® 
- .0004350® + .000756PC*** 
150 -200 lbs. Y = -2.163 + .105P*** + .3280 
- .00094^*** - .000297C2** 
+ .000481PC*** 
overall: Y = 3.778 + .620? + .2880 - .00165?® 
- .0000850® - .000090PC*** 
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E. Earoeriments 506 , 536 , 554 pooled 
1. With, aureomycin 
(a) Cohh-Douglas 
T = 1.607 ? C 
I = .751 P C 
I = P c 
2 .  's/ithout ETireoznycin 
(a) Cobh-Douglas 
Y = 1.762 P C .514 
Y = 
.523 P 0 
.805 
Y = .346 P 0 
.907 
F. Other Production Fiinctions for Experiment 554 
1. efith aoxeoaycin overall 
Y = 12.24C + .372P + .3640 - .000977P2 - .000126C® 
- I.OIOC/P 
T = -8.733 - .794? + .07540 + 4.966 TF + 1.196 Tc" 
+ .750 TPC 
2. Without aureoaycin 
T = 12.659 + .454P + .3290 - .00120P® - .000107C® 
- .981 C/P 
T = -13.302 - .190P + .2060 + 8.77 1'^+ .447 Tc»** 
+ .033TpC**» 
(t. Experiments 506 and 554 pooled 
1. With aureomycin 
(a) Co"fa"b-DoTiglas 
34 - 75 lbs. Y = 1.734 P 0 
75 -150 Ihs. Y = .841P 0 
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0fi7 7f>4 
150 - 200 lbs. Y = .780 x° * C 
2. ¥ithout aoreomycin 
,266 - .523 
34 - 75 l^bs. T = 1.881 P C 
75 - 150 lbs. T = .596 P C 
150 - 200 lbs. r = .384 P C 
The Cobb-Douglas regression coefficients above give directly the 
elasticities of feed into pork. They indicate the percentage increase in 
hog veight for each one per cent increase in feed intake. In each case, 
the elasticity for corn, protein or the svun of the two is less than one, 
indicating that if com, protein or total feed is increased by one per 
cent, the pig veight will increase by less than one per cent. In the 
overall ftinction for Experiments 536 and 554 pooled with aureomycin 
(I, D, 1, a) the staa of the elasticities is .836 (.200 + .636), denoting 
that a one per cent increase in feed intake adds only ,836 per cent to 
hog weight. 
In the Cobb-Douglas interval equations, three tendencies are evident 
and expected, (l) The elasticity for protein declines with higher weight 
intervals. This phenomenon is escpected since a small pig is more depen­
dent on protein for growth than a heavier pig. (2) The elasticity for 
corn increases between weight intervals, a logical result because a more 
nearly mature hog requires more carbohydrate feeds for fattening. (3) 
The sum of the elasticities increases between weight intervals, which is 
expected for this range of data since rapid changes in the productivity 
of feeds occur for small pigs, with a relatively more gradual change at 
heavier weights. In the limiting case where there was no change in input-
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output relationships for an interval, one would have a straight line 
through the origin which would have an elasticity of one. 
It is of some interest to compare the elasticities for an interval 
where gains and feed start at veaning, with the elasticities where gains 
and feed start at the "beginning of the weight interval. IThis can he done 
from equations I, A, 1, a, with I, A, 3, a. In the latter case, the com 
elasticities, the protein elasticities and the sims all decline. !Phis, 
too, is expected, since at the heavier weights the input-output relation­
ship deviates more and more from a straight line through the origin, even 
though it does approach a straight line intersecting the vertical axis. 
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TOTAL AS3) MAE&m&L GAI¥S WHES OBE OF THE 
TWO FEEDS IS HELD CONSTA25T 
One of the sinplest relationships which can he ohtained fron the pro­
duction surface is that which results from taking a vertical slice parallel 
to either the x or y axis. This shows total gain from corn when soybean 
oilnieel is held constant or total gain from soybean oilaeal as com is 
held constant. 
To find total product with corn inputs varying and soybean oilmeal 
constant at 50 pounds, using the logarithmic equation^ Y = 1.369P 
636 
C * , substitute 50 for P and solve for different values of corn (0) by 
the use of logarithms. 
The computed input-output data for 50, 100 and 150 pound soybean 
oilmeal levels and mltiples of 50 potmds of corn are shown in Table 4 and 
plotted in Figure 23. Complete diminishing returns are indicated by the 
successively smaller increases in gain as higher levels of corn are 
attained (the plotted curves show a curvature concave from below at all 
corn levels). Diminishing returns from soybean oilmeal are indicated by 
the smaller increases in gain between the 100 and 150 pound soybean oil­
meal levels and the 50 to 100 pound levels. For exaaiple, if corn is held 
constant at 400 pounds, the increase in gain between 50 and 100 pounds of 
soybean oilmeal is 154.8 - 134.8 or 20 pounds; but the increase from 100 
to 500 pounds is 167.9 - 154.8, or 13.1 pounds of gain. Thus corn and 
^This is the overall logarithmic equation for the pooled e3q)eriaients 
536 and 554 when aureomycin was included in the ration. 
Table 4. Corn productivity with protein fixed at three levela, starting at woanlng weight of 
34 pounds,logarithmic overall function with and without aureomycln, 
pooled experiments 536 and 554 
Total Qaln with 50 Iba. protein Gain with 100 Ihs. protein flaln with 150 11)8. protein 
corn Total Marginal gain Total Marginal gain Total Marginal gain 
input gain per lb. corn gain per lb. corn gain per lb. corn 
With aureomycln 
50 35.9 .457 41.3 .525 44.8 .567 
100 55.8 .355 64.1 .408 69.5 .442 
150 72.3 .306 83.0 .352 90.0 .381 
200 86.8 .276 99.6 .317 108.1 .343 
250 100.1 .255 115.0 .292 124.7 .317 
300 112.3 .238 128.9 .273 139.8 .296 
350 123.8 .226 142.2 .258 154.2 .280 
400 134.8 .214 154.8 .246 167.9 .267 
450 145.3 .205 167.2 .236 180.9 .256 
500 155.3 .197 178.4 .227 193.5 .246 
550 165.0 .171 189.5 .219 205.5 .238 
600 174.4 .185 200.3 .212 217.2 .230 
650 183.5 .179 210.8 .206 228.6 .224 
700 192.4 .175 220.9 .201 239.6 .218 
Without aureomycln 
50 35.6 .439 41.14 .506 44.8 .551 
100 54.6 .336 63.0 .388 68.6 .422 
150 70.1 .287 80.9 .332 88.0 .361 
200 83.6 .257 96.6 .297 105.1 .308 
250 95.9 .236 110.8 .273 120.5 .297 
COL'L 
inpu 
300 
350 
400 
450 
500 
550 
600 
650 
700 
Table 4 (Continued) 
Pain with 50 Iba. protein 
Total Marginal gain 
gain per lb. corn 
107.3 .220 
118.0 .208 
128,1 .197 
137.8 .188 
147.0 .181 
155.9 .174 
164.4 .169 
173.7 .164 
180.8 .159 
Gain with 100 Ibe. protein 
Total Marginal gain 
gain per lb. corn 
124.0 .254 
136.3 .240 
148.0 .228 
159.1 .218 
169.8 .209 
180.0 .201 
189.9 .195 
199.5 .189 
208.8 .184 
Gain with 150 Ibe. protein 
Total Marginal gain 
gain per lb. corn 
134.9 .277 
148.3 .261 
161.0 .248 
173.1 .237 
184.7 .227 
195.8 .219 
206.6 .212 
217.1 .206 
227.2 .199 
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Pigiire 23. Total gain per pig beyond weaning in relation to total corn input 
with, soybean oilmeal constant at three levels, Experiments 536 
and 554 
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soybean oilmeal both show diminishing (physical) returns within the range 
of the data. 
The marginal product of corn (product added from the last pound of 
corn) when poxinds of soybean oilmeal is held constant is found from the 
production function by taking the first derivative (^ . Using the same 
dC 
escample as for total gain, the equation for aarginai productivity of corn 
is: 
g-= (1.369)(.636)P C 
dC 
or 
.871 P / C . 
Computed marginal productivities of corn for constant levels of soy­
bean oilmeal of 50, 100 and 150 pounds are shown in Tahle 4 and plotted 
in Figure 24. Ihese corn marginal productivities also show evidence of 
complete diminishing (physical) returns. Each higher level of corn 
results in a lower marginal productivity of corn. Each higher soybean 
oilmeal level results in a higher marginal productivity of corn, but at a 
decreasing rate. ?or instance, in Sable 4 with corn at the 400-pound 
level, there is an increase in productivity of com when soybean oilmeal is 
increased from 50 to 100 pounds of .246 - .214 = .032. But the increase 
from 100 to 150 pounds of soybean oilmeal increases the marginal produc­
tivity of corn from .246 to .267, a difference of .021. The marginal 
productivities of soybean oilmeal with corn constant show similar rela­
tionships. 
These relationships point out the effectiveness of adding more of 
one of the two feeds in producing gain at any level of the other feed. 
She input-output data and analysis which follow, use these same concepts 
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Figure 34. Added gain per pig reoTzltiag from adding succeasire pounds of 
corn to three fixed levels of 8oyl>ean oilme&l 
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in a more direct application to forsrolate swine rations. 
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BASICS LDES 
The input—output relationships for a. fixed level of protein in the 
ration are more easily visualized than these sajne relationships in the 
situation where one feed is held at a constant level, since this is the 
way in which hogs consume the ration. 
A ration line is obtained hy taking a vertical slice through the pro­
duction surface and starting with the origin. Shis gives the relationships 
when the two feeds are fed in fixed proportions (i.e., 10, 12 or 16 per 
cent protein, or 2 poiinds of com for every pound of soybean oilmeal). 
By multiplying and dividing hy P every time C occurs in the produc­
tion function, one obtains gain as a function of soybean oilmeal and the 
ratio of corn to soybean oilmeal. Thus, for the function^ 
(1) Y = 1.369 P C , one obtains 
(2) Y = 1.369 P (C) . 
(P) 
As the combination of corn and soybean oilmeal in the ration is 
usually ej^ressed as the per cent protein in the ration, all that is needed 
now is to convert C/p into per cent protein. This is done as follows: 
Per cent protein in ration = 
r '  --
(lbs. com)(,^ P in corn) + (lbs. S.B.O.M.) P in S.B.O.M.) 
+ (lbs, feed X) P in feed X) 
lbs. corn + lbs. S.B.O.M. + lbs. feed X 
In this case, com is figured at 8.3 per cent protein, soybean oilneal at 
^This is the logarithmic overall equation for the 536 and 554 experi­
ments for hogs fed aureomycin. 
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45 per cent, and "bonemeal (feed X) is 8 per cent protein. By holding 
boneaeal at a level of 2.3 poiinds per 100 pounds of feed, the per cent 
protein in the ration equals 
8.gas C -i- 43.81 
f-l.O • ' 
The computed values for feed input and gain are shown in Table 5 for 
hogs fed aureomycin when observations from experiments 536 and 554 were 
pooled in an overall Cohh-Souglas equation. "These values are plotted in 
Figure 25 for 12, 14 and 16 per cent protein levels. From the same pounds 
of feed, total gain is considerably higher for a 12 per cent protein 
ration than for 10 per cent protein, if one ration is fed regardless of 
the weight of the animal. The 16 and 18 per cent protein rations are 
highest and show almost identical gains, fhe 20 per cent ration" shows 
lower gains than the 16 or 18 per cent and is almost identical with the 
14 per cent. It will be noted that these total product curves for differ­
ent protein levels do not cross. This is the result of a restriction in 
the Cobb-Boaglas equation. Comparing one protein level with another for 
any feed level, total product for protein level is times total 
product for protein level Ej, where E equals the ratio of corn to soybean 
oilaeal and c is the corn coefficient in the production function. 
Table 6 and Figure 26 show the marginal productivity of feed for 
different protein levels and feed quantities. These are computed arith­
metically between 50-pound feed quantities and are therefore averages for 
the interval, or approximately the marginal productivity of feed at the 
mid-point of the interval. These added gains from the last pound of feed 
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Satle 5. Total gain from weaning for different levels of 
feed and protein®^ 
Pounds of Total gain 
feed Per cent larotein 
10 12 14 15 18 20 
50 18.4 20.8 21.8 22.1 22.1 21.8 
100 32.9 37.1 38.8 39.5 39.5 39.0 
150 46.1 52.0 54.5 55.4 55.4 54.7 
200 58.6 66.1 69.3 70.4 70.4 69.5 
250 70.6 79.7 83.5 84.9 84.8 83.8 
300 82.3 92.8 97.2 98.8 98.8 97.5 
350 93.6 105.5 110.6 112.4 112.4 110.9 
400 104.6 118.0 123.7 125.7 125.6 124.0 
450 115.4 130.2 136.4 138.7 138.6 136.9 
500 126.0 142.2 149.0 151.4 151.4 149.5 
550 136.5 154.0 161.3 164.0 163.9 161.8 
600 146.8 165.6 173.5 176.3 176.3 174.0 
650 156.9 177.0 185.5 188.5 188.5 186.1 
700 166.9 188.3 197.3 200.6 200.5 198.0 
750 176.8 199.5 209.0 212.5 212.4 209.7 
800 186.6 210.5 220.6 224.3 224.2 221.3 
^ased on equation I D 1 a overall CoTjls-Douglas function from S^eri-
jnents 536 and 554 with, aureomycin. 
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and without aureosiycin, Sxperiments 536 and 554 
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lable 6. Added pounds of gain from the last pound of feed fed for 
different levels of feed and protein lerel®^ 
Total Marginal or additional gain per lb, added feed 
feed Per cent protein 
input 10 12 14 16 18 20 
25 .368 .415 .435 .443 .442 .437 
75 .289 .326 .341 .347 .347 .343 
135 .265 .299 .313 .318 .318 .314 
175 .250 .283 .296 .301 .301 .297 
225 .240 .271 .284 .289 .289 .285 
275 .232 ,SG2 .275 .279 .279 .276 
325 .226 .255 .267 .272 .272 .268 
375 .221 .249 .261 .265 .265 .262 
425 .216 .244 .256 .260 .260 .256 
475 .212 .240 .251 .255 .255 .252 
525 .209 .236 .247 .251 .251 .247 
575 .206 .232 .243 .247 .247 .244 
625 .203 .229 .240 .244 .243 .241 
675 .200 .226 .237 .240 .240 .238 
725 .198 .223 .234 .238 .238 .235 
^ased on equation I D 1 a overall Co'b'b-DoTiglas fxmction from Experi­
ments 536 and 554 with aaroemycin. 
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Figure 26. Added gain per added pound of feed after weaning for a ration 
containing aureomycin, B:q)eriinents 536 and 554 
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fed get snaller as higher feed levels are fed, indicating dissinishing 
returns. For a 10 per cent protein ration, the 75th pound of feed after 
weaning adds .29 pounds of gain, the 275th pound adds .23 pounds, and the 
575th adds .21 pounds of gain. 5he 16 and 18 per cent protein levels 
show the largest productivity at all feed levels, and the added produc­
tivity of a pound of 10 per cent protein feed is considerably less than 
that of the 12 per cent. For the 75th pound of feed and 10 per cent pro­
tein, there is a gain of ,29 pounds, whereas for a 12 per cent protein 
ration, the added gain is .33 and for 18 per cent it is 3,5 pounds. The 
marginal productivity for a 20 per cent protein ration is slightly less 
than for 18 per cent. She msirginal products decrease at a decreasing 
rate at higher feed levels and here, too, curves for different protein 
levels cannot cross. 
The marginal productivities of com and soybean oilmeal separately 
along ration lines are shown in Table 7. This is similar to the usual 
feed efficiency concept but instead of feed per 100 pounds of gain for a 
small weight interval, the marginal productivities are the reciprocal of 
feed per pound of gain. They are obtained as the derivatives and there­
fore are the productivities at the exact feed level. The marginal produc­
tivity of corn when 100 pounds of feed have been fed after weaning is .226 
and of soybesin oilmeal is 1,458. The last pound of feed fed, however, 
was made up of ,925 pounds of corn and .045 pounds of soybean oilmeal, so 
that these proportions of the above productivities, .209 and .066, add up 
to .275, which is close to the added product of 100 pounds of feed shown 
in Table 6. In this table the average for 75 and 125 pounds of feed is .276. 
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The margin&l productivity of corn increases with the protein level 
and decreases with the feed level, whereas for soybean oilmeal it decreases 
with "both protein and feed level. For a 20 per cent protein level, com­
pared with an 18 per cent level, the productivity of the added soybean 
oilmeal in the lest pound of feed is less than would have been obtained 
Table 7.  Marginal productivities of com and soybean oilmeal 
fed for different feed and protein levels®-
Marginal productivity of specified feed 
input 10% 12^ iM 1^ 18| 20^ 
Corn Corn S.B.M. Corn S.B.M. Corn 5.B.M. Corn S.B.M. Com S.B.M 
100 .226 1.458 .271 .740 .303 .501 .330 .375 .355 .297 .379 .243 
200 .201 1.301 .242 .660 .270 .447 .294 .335 .317 .265 .379 .297 
300 .188 1.217 .226 .618 .252 .418 .275 .313 .296 .248 .296 .248 
400 .180 1.161 .216 .589 .241 .398 .262 .299 .282 .237 .302 .194 
500 .173 1-119 .208 .568 .232 .384 .253 .288 .272 .228 .291 .187 
600 .168 1.086 .202 .551 .225 .373 .245 .280 .264 .221 .282 .181 
700 .164 1.059 .197 .537 .220 .363 .239 .273 .258 .216 .275 .177 
800 .160 1.036 .192 .526 .215 .355 -23^ .267 .252 .211 .269 .173 
^Based on eqtiation I D 1 a overall Cobb-Douglas function from Experi­
ments 536 and 55^ with aureoaycin. 
from the higher com level in the 18 per cent protein ration, fhis 
accounts for the lower productivity of a pound of 20 per cent protein 
feed, compared with an 18 per cent. 
These relationships, from the overall Cobb-Douglas equation for 
Isperiments 536 and 55^ with aureomycin, have been used for illustration. 
Comparisons with the overall quadratic eqx^tion aoi for both curves 
without sureonQTcin are made in Table 8, and the total product curves for 
10, 1^, 16, and 20 per cent protein for both the Cobb-Douglas and quad­
ratic functions with aureomycin are plotted with the experimental observa­
tions in Figures 27 throijgh 30. These two curves give very similar results 
Talale 8. Comparison of total gains from weaning for 50-pound feed increments using CoTab-Douglae 
and quadratic equations derived from experiments 536 and 554 with and without aureomycin 
Pounds 10^ 
of protein 
VS$ 
protein protein 
16% 
protein 
18^ 
nroteln 
ao^ 
protein 
feed CD Quad. CD Quad. CD Quad. CD Quad. CD Quad. CD Quad. 
V/ith aoreomycin 
50 18.4 18.6 20.8 19.3 21.8 20.0 22.1 20.7 22.1 21.4 21.8 22.0 
ICQ 32.9 33.8 37.1 35.2 38.8 36.5 39.5 37.7 39.5 38.9 39.0 40.0 
150 46.1 48.5 52.0 50.5 54.5 52.4 55.4 54.1 55.4 55.6 54.7 56.9 
200 58.6 62.7 66.1 65.3 69.3 67.7 70.4 69.7 70.4 71.4 69.5 72.7 
250 70.6 76.5 79.7 79.7 83.5 82.4 84.9 84.6 84.8 86.3 83.8 87.5 
300 82.3 89.8 92.8 93.5 97.2 96.6 98.8 98.8 98.8 100.4 97.5 101.1 
350 93.6 102.6 105.5 106.9 110.6 110.2 112.4 112.3 112.4 113.6 110.9 113.8 
400 104.6 115.0 118.0 119.7 123.7 123.2 125.7 125.2 125.6 126.0 124.0 125.3 
450 115.4 126.9 130.2 132.0 136.4 135.6 138.7 137.3 138.6 137.5 136.9 135.8 
500 126.0 138.3 142.2 143.9 149.0 147.5 151.4 148.7 151.4 148.1 149.5 145.2 
550 136.5 149.3 154.0 155.1 161.3 158.8 164.0 159.4 163.9 157.9 161.8 153.5 
600 146.8 159.8 165.6 166.1 173.5 169.5 176.3 169.5 176.3 166.9 174.0 160.8 
650 156.9 169.9 177.0 176.5 185.5 179.6 188.5 178.8 188.5 174.9 186.1 167.0 
700 166.9 179.5 188.3 186.3 197.3 189.1 200.6 187.4 200.5 182.1 198.0 172.1 
Without aureomycin 
50 17.8 18.3 20.3 19.2 21.3 20.1 21.8 20.9 21.8 21.7 21. § 22.6 
100 31.5 32.4 35.9 34.2 37.8 35.8 38.5 37.4 38.6 38.8 38.0 40.2 
150 44.0 46.1 50.1 48.7 52.7 51.0 53.8 53.1 54.0 55.0 53.4 56.7 
200 55.8 59.5 63.7 62.8 66.8 65.7 68.2 68.2 68.4 70.4 67.7 72.2 
250 67.1 72.4 76.2 76.4 80.3 79.8 81.9 82.6 82.2 84.8 81.4 86.5 
Table 8 (Continued) 
Pounds 10^ 12^ 145J IG^ 18^ 20^ 
of protein protein protein protein protein protein 
feed CD Quad. CD Quad. CD Quad. CD Quad. CD Quad. CD Quad. 
Without aureomycin 
300 77.9 84.9 88.6 89.6 93.3 93.4 95.2 96.3 95.5 98.4 94.6 99.7 
350 88.5 97.0 100.6 102.3 105.9 106.5 108.1 109.3 108.4 111.1 107.3 111.7 
400 98.8 108.7 112.3 114.6 118.2 119.0 120.6 121.7 121.0 122.9 119.8 122.7 
450 108.8 120.1 123.7 126.5 130.3 131.0 132.9 133.3 133.3 133.8 132.0 132.5 
500 118.7 131.0 134.9 137.9 142.1 142.5 145.0 144.3 145.4 143.9 143.4 141.2 
550 128.4 141.5 145.9 148.9 153.7 153.4 156.8 154.6 157.3 153.1 155.7 148.8 
600 137.9 151.6 156.6 159.4 165.1 163.7 168.4 164.2 168.9 161.4 167.3 165.3 
650 147.3 161.4 167.4 169.5 176.3 173.6 179.9 173.1 180.5 168.8 178.7 160.7 
700 156.6 170.7 178.0 179.2 187.4 182.9 191.2 181.4 191.8 175.3 190.7 165.0 
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for 14 smd 16 per cent protein. Ihe greatest variation occurs on the 
edges of the experimental data, i.e., at 10 and 20 per cent protein. She 
difference in the curvatxire of the two curve types result in part from 
differences in restrictions ea'oodied in each. The Cohh-Douglas total 
product has a constant elasticity whereas the quadratic has its greatest 
curvature at high feed levels "because of the negative square term and, if 
extended "beyond the esperimental data, would eventually turn down, giving 
a decreasing total product in this range. It would appear that the quad­
ratic eqiiation of the conventional type gives aa inappropriate curvatxire 
for this data. It may "be that if the e^eriments had been extended to 
provide data for heavier weight animals, this equation would "be more 
suitable. 
Shese same relationships for Eaperiaent 554 with aureoiaycin, compar­
ing the overall Co"b"b-Douglas, quadratic, ratio and square root functions, 
are shown in Table 9 and the protein levels sire plotted in Figures 31 
through 35. This esperinent shows less variation in the o"bservations than 
Eaperisient 536 or the pooled data from the two experiments, so that appro­
priateness of the different functions can "be more easily ascertained. 
Choice of a curve d^ends on statistical tests of significance, 
logic and agreement with experimental data. In a well-controlled e:q)eri-
ment, present methods of statistical tests of significance may not be 
refined enough to show the best fit. In this case the multiple E's 
(mltiple correlation or the per cent of variation eacplained by the 
regression equation) are .994, ,998, ,995 and ,999 respectively for the 
Cobb-Douglas, quadratic, ratio and square root functions. Figure 35, 
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Table 9. Comparison of total gain from 50-pound, feed increments as 
estimated from Cobb-Douglas, qoadratic cross-product, quadratic 
square root and quadratic ratio equations, 
eaperiment 554 with eareomycin 
Pounds Gobb- Quadratio Square Eatio Cobb- Qyiadratic Square Eatio 
of Douglas cross root Douglas cross root 
feed product product 
lOlS larotein 12^S -Drotein 
50 18.6 15.3 16.2 8.9 21.3 17.1 20.6 20.9 
100 33.4 30.5 32.0 25.7 38.2 33.6 38.8 37.8 
150 47.0 45.4 46.3 42.0 53.8 49.6 55.2 54.2 
200 59.9 60.3 59.8 57.8 68.6 65.1 70.7 70.0 
250 72.3 75.1 72.8 73.0 82.0 80.1 85.6 85.4 
SOO 84.3 89.8 85.5 87.7 96.6 94.6 100.0 100.2 
350 96.1 104.3 97.9 101.8 110.0 108.7 114.1 114.5 
400 107.5 118.8 110.1 115.3 123.1 122.2 127.9 128.2 
450 118.8 133.1 110.1 138.3 136.0 135.2 141.6 141.5 
500 129.8 147.3 134.0 140.8 148.6 147.8 155.0 154.2 
550 140.7 161.4 145.8 152.7 161.1 159.8 168.3 165.4 
600 151.4 175.4 157.4 164.1 173.4 171.4 181.5 178.0 
650 162.0 189.1 169.0 174.9 185.5 182.4 194.5 189.1 
700 172.4 203.1 180.5 186.2 197.5 193.0 207.5 199.8 
14^ urotein 16^ urotein 
50 22.5 18.9 22.9 24.4 23.0 20.7 24.2 26.0 
100 40.3 36.8 42.1 41.3 41.3 40.1 43.5 42.9 
150 56.9 53.9 58.4 57.7 58.2 58.2 60.5 59.2 
200 72.5 70.1 75.2 73.6 74.1 75.2 76.3 74.9 
250 87.5 85.4 90.5 88.9 89.5 90.9 91.3 90.1 
300 102.1 99.9 105.4 103.7 104.4 105.5 105.9 104.7 
350 116.3 113.6 119.8 117.9 118.9 118.8 120.0 118.6 
400 130.1 126.3 134.0 131.7 133.1 131.0 133.8 132.1 
450 143.7 138.3 148.0 144.9 147.0 141.9 147.4 144.9 
500 157.1 149.3 161.7 157.5 160.7 151.6 160.7 157.1 
550 170.3 159.5 175.3 169.6 174.1 160.1 173.9 168.8 
600 183.2 168.8 188.7 181.2 187.4 167.4 186.8 179.9 
650 196.0 177.3 202.0 192.2 200.5 173.6 199.7 190.4 
700 208.7 184.9 215.2 202.7 213.4 178.5 212.4 200.4 
of 
feet 
50 
100 
150 
200 
250 
300 
350 
400 
450 
500 
550 
600 
650 
700 
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Eatle 9 (ContimiecL) 
Cob'b- Quadratic Sqoare Eatio 
Douglas cross root 
product 
Co"b"b- (Quadratic Square Eatio 
SoxiglaB cross root 
product 
18% -orotein 20^ protein 
23.1 22.5 24.8 27.0 22.9 24.3 24.8 27.6 
41.5 43.4 43.6 43.8 41.1 46.7 42.8 44.3 
58.4 62.7 60.0 60.0 57.9 67.2 58.2 60.2 
74.5 80.5 75.1 75.5 73.8 85.9 72.2 75.4 
89.9 96.7 89.4 90.3 89.1 102.7 85.4 89.8 
104.9 111.3 103.2 104.5 104.0 117.7 98.0 103.4 
119.4 124.5 116.5 118.0 118.4 130.8 110.2 116.2 
133.7 135.8 129.5 130.9 132.5 142.1 122.0 128.3 
147.7 146.4 142.2 143.1 146.4 151.5 133.5 139.6 
161.4 154.9 154.7 154.7 160.0 159.2 144.7 150.2 
174.9 162.0 167.0 165.6 173.4 164.9 155.7 159.9 
188.3 167.5 179.0 175.8 186.6 168.8 166.6 168.9 
201.4 171.5 191.0 185.4 199.7 170.9 187.3 177.2 
214.4 173.9 202.8 194.3 212.6 171.1 187.8 184.6 
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showing the total product curves for 20 per cent protein, illastrates the 
extent to which the quadratic equation seems to over-emphasize curvature 
at high protein and feed levels. Figure 31 for 10 per cent protein seems 
to indicate that in this case the quadratic overall equation overestimates 
gains on a low protein ration. 
The overall Cohh-Bouglas equation appears to underestimate gains at 
high feed levels for a 10 per cent protein ration, and to overestimate 
gains for a high protein ration. These observations are consistent with 
the restrictions in the power equation (Cobh-Douglas), which results in 
the same slope (substitution rate) of all iso-product contours crossing 
the ration line. From the logic of aniiaal gains one would e35)ect a lower 
productivity of soybean oilmeal relative to corn at high feed levels, than 
at low levels. As this is a fixed ratio for the Oobb-Douglas equation, 
when a constant proportion of the two feeds are fed, the result is an 
average, and logically would give the restilt mentioned above. 
She ratio and the sqoare root function s^jpear to fit the best accord­
ing to agreement with the data. fPhe ratio function has the logical disad­
vantage of having an interaction (C/P) term which becomes a constant for 
a given per cent protein, so that its only effect is to raise or lower a 
whole ration line cosQjared with another. The difference in agreement 
with the data between the ratio and the quadratic equation bears out a 
logical hypothesis that the cross-product terra of the quadratic equation 
is inappropriate for this data. The cross-product term has a squared 
effect as feed is doubled, and a linear effect between protein level, i-
priori logic is not sufficiently refined to predict the nature of the 
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effect of one feed upon the other, and there appears to "be no particular 
logic in preferring the cross-product tera over another interaction term. 
The square root equation seems logical in that the greatest curvature 
of the ration lines is for low protein levels and low feed levels, xhis 
agrees with the implications arising from the differences in the sua of 
the corn and soybean oiimeal elasticities for the three interval function 
wei^t ranges. 
They increase for heavier weights, indicating that the curvature of 
a ration line diminishes for heavier weight hogs. This implies that the 
marginal productivities are convex to the origin when plotted against 
pounds of feed since weaning. For if the ration line has less curvature 
in this range, one would eaqpect only gradual changes in the marginal pro­
ductivity of a pound of feed. This relationship is shown in figure 36 
and Tahle 10 for the square root, Cohb-Bouglas, ratio and cross-product 
equations, fitted over the data from Experiment 554 with aureomycin and 
for 12 per cent protein. In this instance the square root and Cobh-
Douglas equations give convex curves, while the ratio and quadratic equa­
tions give concave curves from the origin. 
While ration lines spliced together from interval functions may have 
an artificial ""break" or inflection point when a new interval is reached, 
one is sure of ©"btaining relationships for that interval without ajiy 
possibility of a carryover from a lower interval. In Table 11 and for 
the 34 to 75 pound weight range, a 20 per cent protein ration has the 
greatest feed efficiency,' both with and without aureomycin. For the 75 
to 150 pound range, the 14 per cent with and 16 per cent without aureomycin, 
Table 10. Added eain per pound added feed comparing estimates from overall Cobb-Douglas, 
quadratic cross-product, quadratic square root, and quadratic ratio functions over 
experiment 554 with aureomycin 
Pounds Added gain per pound added feed with Added gain per pound added feed with 
of protein level of protein level of 
feed lOjS 12^ 14$6 16$^ 18^5 20^ 10^ 125S I49& 20^ 
Overall Cobb-Douelas Overall auadratic cross-Droduct 
25 ,372 .426 .450 .460 .462 .458 .307 .342 .378 .414 .450 .487 
75 .296 .339 .358 .366 .368 .364 .302 .330 .358 .387 .417 .447 
125 .272 .312 .330 .337 .339 .336 .300 .320 .341 .363 .386 .410 
175 .258 .296 .313 .320 .321 .318 .298 .310 .324 .339 .356 .373 
225 .248 .284 .301 .307 .309 .306 .296 .300 .307 .315 .324 .337 
275 .241 .276 .291 .298 .299 .297 .293 .290 .290 .291 .292 .300 
325 .234 .268 .284 .290 .291 .289 .291 .281 .273 .267 .264 .263 
375 .229 .262 .278 .284 .285 .283 .289 .271 .255 .243 .227 .226 
425 .225 .257 .272 .278 .279 .277 .287 .261 .239 .219 .211 .189 
475 .228 .253 .267 .273 .275 .272 .284 .251 .220 .195 .172 .152 
525 .217 .249 .263 .269 .270 .268 .282 .241 .204 .170 .141 .115 
575 .215 .246 .259 .265 .267 .264 .280 .231 .187 .146 .110 .078 
625 .212 .242 .256 .262 .263 .261 .274 .221 .170 .122 .080 .041 
675 .209 .239 .253 .259 .260 .258 .279 .211 .152 .098 .049 .005 
Quadratic sauare root Quadratic ratio 
25 .323 .412 .459 .484 .496 .496 
75 .316 .365 .383 .385 .376 .359 .337 .338 .339 .338 .336 .334 
125 .286 .328 .326 .340 .328 .308 .326 .328 .328 .326 .333 .318 
175 .271 .309 .336 .316 .303 .281 .315 .317 .317 .315 .310 .303 
225 .261 .297 .307 .301 .287 .264 .304 .307 .307 .303 .297 .288 
Tal)l0 10 (Continued) 
Pounds Added gain per pound added feed with Added gain per pound added feed with 
of 
feed 10^ 12^ 
protein level of 
14^ 16^ 18^5 205^ 10^ 12^ 
protein level of 
14^ 165^ 18^^ 205& 
Quadratic sauare root Ouadratic ratio 
275 .254 .289 .297 .291 .275 .252 .293 .296 .296 .291 .284 .272 
325 .248 .282 .290 .283 .267 .243 .282 .286 .285 .280 .271 .257 
375 .244 .277 .264 .276 .260 .236 .271 .275 .274 .268 .257 .242 
4S5 .241 .273 .279 .271 .254 .230 .260 .265 .264 .257 .244 .226 
475 .238 .269 .275 .267 .249 .225 .249 .254 .252 .245 .231 .211 
525 .235 .266 .272 .263 .245 .221 .238 .244 .242 .234 .218 .195 
575 .233 .264 .269 .260 .242 .217 .227 .233 .231 .222 .205 .180 
635 .231 .261 .266 .257 .239 .214 .216 .223 .221 .210 .192 .165 
675 .230 .259 .264 .254 .236 .211 .206 .212 .210 .199 .179 .149 
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Tigore 36. Marginal prodxictiyity of a pound of feed for square root, 
Cobb-Douglas, ratio and cross-product orerall equations. 
Derived from Bzperiment 554 vith aureomjrcin 
Table 11. Total gain from the beginning of weight intervals for 25-pound feed increments and 
protein levels from 10 to 20 per cent®^ 
Total feed Total gain (pounds) 
from beginning 
of interval 
s 10?& 12^ 14^^ 16^. 18^ 20^6 
wa'» woac wa woa wa woa wa woa, wa woa wa woa 
oounds 3^ - 75 IhB. , (4l lbs. gain) 
25 8.8 9.0 10.9 11.0 12.0 12.1 12.6 12.7 13.0 13.1 13.2 13.2 
50 15.7 16.0 19.3 19.4 21.2 21.8 22.4 22.h 23.1 23.0 23.^ 23.3 
75 22.0 22.2 27.0 27.0 29.7 29.6 31.3 31.2 32.3 32.1 32.7 32.5 
100 28.0 28.1 3^.3 34.2 37.7 37.5 39.8 39.4 41.0 40.5 41.6 41.1 
125 33.6 33.7 41.3 41.0 45.4 45.0 47.9 47.3 48.7 
75 - 150 lbs. (7'5 lbs. gain) 
25 8.0 7.0 8.6 7.7 8.7 7.8 8.6 8.0 8.4 7.6 8.2 7.4 
50 15.2 13.1 16.2 14.6 16.4 llJ:9 15.9 15.2 15.9 14.6 15.3 14.2 
75 21.9 19.7 23.4 21.3 23.7 21.8 23.5 22.2 22.9 21.3 22.7 20.7 
100 28.5 25.7 30.4 27.9 30.8 28.5 30.5 29.1 29.8 27.9 28.8 27.0 
125 3^.8 31.6 37.2 34.4 37.8 35.1 37.'+ 35.8 36.5 34.3 35.3 33.3 
150 4l.l 37.5 44.0 40.7 44.5 41.6 44.1 42.4 43.2 40.7 41.6 39.5 
175 ky.k ^<•3.3 50.6 47.0 51.2 48.1 50.7 49.0 49.5 47.0 47.9 45.6 
200 53.^ 49.0 57.1 53.3 57.9 54.5 57.3 55.5 55.9 53.2 54.1 51.6 
225 59. 5^.7 63.6 59.5 64.4 60.8 63.7 61.9 62.2 59.4 60.2 57.6 
250 65.if 60.4 69.9 65.6 70.9 67.1 70.1 68.3 68.5 65.5 66.2 63.6 
150 -  200 lbs. (50 lbs. gain) 
25 6.8 6.1 7.0 6.2 6.9 6.1 6.7 5.8 6.4 5.5 6.1 5.2 
50 13.2 12.3 13.4 12.4 13.3 12.1 12.8 11.6 12.3 11.1 11.7 10.5 
75 19.1^ 18.4 19.7 i8.5 19.5 18.1 18.9 17.4 18.1 16.6 17.2 15.7 
100 25.4 24.5 25.9 24.7 25.6 24.1 24.8 23.2 23.8 22.1 22.6 20.9 
125 31.3 30.5 32.0 30.8 31.6 30.1 30.6 29.0 29.4 27.6 27.9 26.1 
150 37.3 36.7 38.1 37.0 37.5 36.1 36.4 34.7 34.9 33.1 33.2 31.3 
175 43.2 42.8 44.1 43.1 43.4 42.1 42.1 40.5 40.4 38.6 38.4 36.4 
200 49.0 48.8 „ ,5q-q_ 49.3 49.3 48.1 47.8 ^6.3 45.8 ii4-.l 43.6 41.6 
^•Derived from interval Cohb-Douglas equations from Tl3q)eriment8 536 and 55^ pooled. 
^WA - with aureomycin. CWOA - without aureomycin. 
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result in the greatest gains per pound of feed. For the 150 to 200 pound 
rsinge, a 12 per cent ration "both with and without aureomycia is greatest. 
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ISO-EEODUCT COHTOUES ASD SnBSTI^POTIOH BATES 
!rii@ xso—px*0u.LLCw coiiuo'uxs ajTs xound. firoiu tlis pxcd-XLCvi.c2i fimCtfioQ. 
solving for either corn or soybean oilmeal, and substituting into this 
equation the desired quantities of gain and the other feed. She solution 
of the Cobb-Douglas equation makes use of logarithas ajid the quadratic 
fonnula is used for quadratic equations. Farther coiaputational procedures 
are found in Appendix B. 
The coicputed equations for iso-gain contours for the production func­
tions listed previously are: 
II. Contour Equations 
A. Izperiaent 536 
1. With aureomycin 
(a) Cobb-Douglas 1 
40 - 75 11,3. c 
75 -150 1b=. 0 ) 
547 
.795 
150 -200 lbs. 
^ f ^ ^ .79' 
\.467P-^^"^ ) ^  
f Y xTii 
overall C =1 .201 i 
\i.36QP* ; 
(b) Quadratic 
40 - 75 lbs. C =(304.714 - 1.755P ± 1020.408 
^ .0027P - .00000664P= + .0921 - .a0196T) 
75 -150 lbs. C =(653.552 - .747P + 1792.115 
Y ^ .OOOIOP - .00000083P® + .1385 - .OOllSlj 
120 
150-200 1-bs. C =(421.272 + 4.990P ± 1742.160 
>1 .00164? + .00000191P2 + .0594 - .0011481) 
Overall C = ^.324 - .OOOlllP) ± 
VTIQ6 + .000168P - 70O0.QDO.461?g-.OQ0516ia 
-.000258 
2. Without aureoaiycin 
(a) Co'b'b-Douglas 
40 . 75 Us. C = J.S57) • 
75 -150 1))S. C =(^34^.063) 
150 -200 lbs. C = f .0953] 
\ .354? •' 
OTerall ''=(1.17®-^'^) 
1_ 
464 
1 
9S8 
1 
.888 
(b) Quadratic 
40 - 75 lbs. C =(-111.009 + .710? + 787.402 
NT" .000049?® - .00355? + .0122 + .00254T) 
75 -150 lbs. c =(443.501 - .0689? i 998.004 
r~ .000000255P® + .000062? + .1825 - .002001; 
150 -200 lbs. C =(334.391 + 1.220? - .1066.098 
overall r . 
C = (.000118? - .318)fLV .102 + .000075QP - .000.000,274?® 
- .000432YJ 
-.000216 
B. Izperiment 554 
1. With aureomycin 
(a) Co'b'b-Douglas 1 
.493 
3 1 - 7 6  1 1 . S .  0 = ( i . 8 7 j - ® ^ )  
121 
1 
7S5 
75-150 IbB. C =( ^ 174 ) * V .815P* ' 
150-200 lbs. G =( 522p.0522) 
^ 1.412?'2^®) 
.626 
overall 
("b) Qaadratic 
31- 75 lbs. C =(^247.256 + 12.144P + 1231.527 
^.0000489P® + .00577P + .0475 + .00162T ) 
75-150 lbs. 0 =(898.165 + 2.786P ± 2890.173 
"V -.000,001,81P2 -5- .000,909P + .0975 - .0006921} 
150-200 lbs. 0 =(3.913P - 1033.327 ± 3937.01 
J^-.OOO.OOO.SSSP^ - .000,532? + .0665 + .0005081) 
overall C =(l5.906P - 3062.576 j 10869.57 
1/.000,002,22P» - .00992P + .0794 + .000,184T) 
2. Without aureomycin 
(a) Oobb-Dotiglas 
31-75 lis. = =(1.8^.277) 
75-150 11, 6 .  C = 
150-200 lis. 0 = (^y!o88e) • 
OTerell 0 = [ ^ 229^ 
^1.577P-2^/ 
691 
-L-
877 
B. Experiment 554 
1. Without aureontycin 
(b) Quadratic 
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31- 75 lbs. C =(253.054 + 4.477P + 920.810 
< -.0000137P3 + .00278P + .0822 + .00217l) 
75-150 ITss. C =f464.947 + 3.31SP+ 1602.564 
]f.00000284P® + .00179? + .0846 + .00125T) 
150-200 Its. C =(403.434 + 1.562P + 1054.852 
]p.00000478P2 + .00143P + .1357 - .001896t) 
overall C =(l678.266 + 3.994? ± 6493.506 
7-.000,000,566?^ + .000531 + .0688 - .000308T) 
C. Eroerinerit 536 and 554 pooled 
1. ¥ith aureomycin 
(a) Cobb-DoTiglas 
34- 75 IbB. C =( ^ pQ,) * 
*1.605?"='^'^' 
533 
1_ 
767 
.714?'"'" 
856 
75-150 lis. C=f ,,^^.142) • 
150-200 lis. 0 = ( • 
overall C = \ 
U.369P-^/ 
1 
636 
("b) Qaadratic 
34- 75 lbs. C =(209.201 + 4.407? + 747.384 
y-.000012QP3 + .00597P + .0841 + .002681} 
75-150 lbs. C =(672.926 - 1.124? ± 1798.561 
( -.000,000,827P2 - .000,000,183P+.1361-.00111Y) 
150-200 ITds. C = (1232.172 - 1.339? + 5208.333 
V.OOO,000,0269?3 + .0000823P • .0546 + .000384T) 
overall C =(l587.384 - .596P ± 5050.505 
y .000,000,5561?® - .000304? + .0991 - .0003961^ 
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2. Without aureoaycin 
(a) Co'bb-Douglas 
34- 75 lbs. C =[ ^ 
^1.662P-^7/ 
75-150 lbs. 0 =( ^ ^ 
150-200 lbs. C = f TST") 
\ .343P-^^' 
-"-11 = =(I.,3^.208) 
(b) Quadratic 
34- 75 lbs. C =(603.17 + 3.540P - 2336.449 
y-.000,00650P® - .00159? + .0693 - .000856"!^ 
75-150 lbs. C =(421.826 + .869P + 1149,53 
|/L.000,00463p2 + .00119P + .128 - .001741^ 
150-200 lbs. C =(552.418 + .810P ± 1683.502 
[/-.000,000,888P2 + .000441? + .1051 - .00119T) 
overall C =fl694.232 - .529? ± 5882.353 
1^ -.000, OOO, 552p2+.000307P+8.297-. 0003401^ 
D. Experiments 554, 536, 506 pooled 
1. With aureomycin 
(a) Cobb-Douglas ^ 
31- 75 lbs. C = f ^ gQ^ 
1.607?*203' 
JL 
75-150 lbs. C =/ ^ \ 
\ .751? -136; 
150-200 lbs. C ={ ^ 
^ .617? 
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2. Without aureomycin 
(a) CoTjTj-Douglas x 
ii4 
oaa I 
.246P* 
8^ 
31- 75 lbs. C =( ^ poo * 
\ P*^^ I 
75-150 lbs. C =( ^ \ .523P'^°® ' 
150-200 lbs. C =( ^ non) 
1 
.805 
.346P' 
E. Other production functions for Ssperiment 554 
1. With aureomycin overall 
C =(-7.931 - 4.976 fTt 6.633 V.8021P + .297 ?+4.078+.302Y)® 
C ={I444.528 + 4007.643 ± 3968 
^ ? 
\/".1387 - .7353 1.020 - .000187P - .OOO.Q00.492P^-.000505q 
' p p2 
2. Without aureomycin overall 
C =(-1.087 - .0803tP + 2.432Y .1577P-7.182 P +11.140+.8225l) ® 
C =(l538.925 + 4583.76 + 4672.897 
P 
y. 1139-.6461+.9622+.OQ0196P-.OOP.000.511P^-.000428Y) 
' p p2 ' 
The equations for substitution rates are found by taking the first deriva­
tive (dia/dxi) of the iso-product equations. Jor the Cobb-Douglas equa­
tions this reduces down to the coefficient of soybean oilmeal divided by 
the coefficient of com, all amltiplied by the ratio of pounds of corn to 
pounds of soybean oilmeal. 
The equations for substitution rates for the production functions pre­
viously presented are: 
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III. Substitution Equation 
A. Experiment 536 
1. l^itb aoreomycin 
(&") • Co"b'b*"^OU^l&S 
overall 
(b) Quadratic 
dc _ 
.528 C 
dp P 
dc _ 
.190 c 
dp P 
dc _ 
.202 c 
dp p 
dc _ 
.320 c 
dp p 
40 -75 lbs. ^ _ 3^^755 + .0504P-1.378 
dp • - f.00270P-.000,00664P®+.0921-.00196Y 
75-150 lbs. ^ ^ 7473+ .00179P-,0896 
dp * ~ y. OOOIOOP-. 00000083P^+. 139-. 00112T 
150-200 lbs. dc _ 4 ggQ ^  1.427+.000p3P 
dp ~ * ~ V. 00164P+.00000191?"+.0594-.00115T 
overall 1 .000111+ 
dp U. 000258 V 
.0000838-.000.Q00461P 
.106+.000l68P-.000.000461i?^-.000516Y ) 
2. Without aureomycin 
(a) Cobb-Douglas 
40- 75 lbs. ^ _ 770 £ 
dp * P 
75-150 lbs. ^ _ 067 -
dp ~ * P 
150-200 lbs. ^ _ ^3^08 ^ 
dp * P 
overall ^ C 
dp * P 
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("b) Qxiadratic 
40- 75 lbs. §£, = ^73^0 + 1.399-.0S86P 
dp * .000049P®-.00355?+.0122+.00254T 
75—150 lbs* is. — _ OCOO^ 
dp 
.0509-.000254? 
K. 000,000,255?^+.000062P+.182-.00200? 
150-200 lbs. 3^^220 ± .00320?-.545 
^. 00u(:^347?^+l. 220?+. 094- .001881 
oreral 1 dc J 1 .000118 + 
dp (-.000216 
.OOP.0375-.OOP.000.274? 
102+.0000750?-.000,000274P*-.00043241j 
B. E35)erimezit 554 
1. ¥ith aureoaycin 
(a) Cobb-Douglas 
40- 75 lbs. II 
.656 1 
75-150 lbs. II .237 -
? 
150-200 lbs. is. = 
dp 
.0603 ^  
? 
OTerall II 
.348 1 
(b) (Joadratic 
31- 75 lbs. 
dc _ 12,144 + 3.556+.060? 
\i. 0000489?®+.OP577P+.P475+.00162T 
75-150 lbs. 
d-C j_ g 786 + ^1 • 5X4:^»00522P 
^-.000,00181?®+.000909?+.0975-.0Q0692Y 
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150-200 l"bs. 
1 •Q47-.QQ229P 
^ = 3.913 4 ^ 
dp V-.000,00058SP3+.000532P+.0665+.000508Y 
oTerall 
3.4Q2+.0241P 
~ = 15.609 + ip 000.00222P2-.00992?-.0794+.000i84Y 
2. Without aureomycin 
(a) CoVo-Douglas 
31- 75 lbs. ^ _ 524 C 
dp * P 
75-150 lbs. §£ - 315 C 
dp * ? 
150-200 lbs. §£_ - iQi C 
dp * P 
overall ^ C 
dp * ? 
(b) Quadratic 
31-75 lbs. 
dc . . .283+.0126? 
— = 4.477 + • =• 
O-P ~ I -.0000137p3+.00278P+.082+.002171 
75-150 lbs. 
^ = 3 313 + 1.45S+.0045SP 
" " V.00000284P2+.00i79P+.0846+.00125T 
150-200 lbs. 
.00504P-17.615 is. = 1.562 + 
dp "* V-.000004780?'+.00143P+.1357-.00190T 
OTerall 
.00S6BP-1.724 
^ = 3.994 ± 
dp " f-.000,000,566P8+.000531+.0688-.0003081 
128 
C. Experiment 536 - 554 pooled 
1. Vi'ith aureoaycin 
(a) Co'bb-Douglas 
31 -75 lbs. ^ = 557 C 
dP * ? 
75-150 lbs. ^ ^ ^ 285 ^  
dp P 
150—200 lbs. dc _ 
dp " • ? 
overall ^ _ 33^4 £ 
dp ~ ' P 
(b) Cfoadratic 
34- 75 lbs. 
dc . . -2.230 + .0149P 
— = 4.407 + " ' • 
X-.0000200P3 + .00597P + .0841 + .00268T 
75-150 lbs. 
dc T ^ .0Q0164^-.00149P 
_ «x.l24 + 
]f-.000,000,827P=-.000,000,183+.1361-.0011lY 
150-200 lbs. 
d.c ^ 339 + * 5X4-^»0003.40P 
~ y. 000,000,026P2+.000082SP+ .0546-. 000384Y 
overall 
M , ..536 .39.4194-.29a> 
'' 000,000,556P®+. 9991- .000304P-. 000395T 
2. Without aureomjrcin 
(a) Cobb-Douglas 
31- 75 lbs. ^ _ 543 C 
dp ' P 
75-150 lbs. ^ _ 211 £ 
dp ~ * P 
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150-200 lbs. dc _ Qgg jC 
dp ~ * P 
overall ^ C 
dp P 
(b) Wjiadratic 
34- 75 lbs. dc ^ 3^540 + -1.854-f.0152? 
~ V-.000. 00650?2- .00159P+.069-D00856Y 
75-150 lbs. dc _ .869 ± -.682+.00533P 
.000,00463P^+.00119P+.128-.00174Y 
150-200 lbs. dc siO + 
dp V -
-.371+.00150P i) ^ .000,000,889P2+.000441P+.105-.00119Y 
overall 
dc _ __5294 + -90.465-.00325P 
^ .000,000,552P2-.000307P+8.297-.000S40Y 
D. Experiment 554, 536, 506 pooled 
1. V/ith, aureomycin 
(a) Cobb-Douglas 
31- 75 lbs. ^ _ g,72 
dp ' * P 
75-150 lbs. ^ _ 2.78 — 
dp * P 
150-200 lbs. ^ _ 2^20 — 
dp ' P 
2. Without aureomycin 
(a) Cobb-Douglas 
31- 75 lbs, ^ _ ggg £ 
dp " * P 
75-150 lbs. ^ C 
dp ~ * P 
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150-200 lbs, ^ _ 099 — 
dp • ' ? 
B. Other Production S^mctions for Experiment 554 
1. ¥ith aureomycin overall 
dc ^ -1.588 yfC + 4.955 W+ .750C 
.15ltPC + 1.1961^+ .750P 
^ _ .372P - .00195P® + I.OIOC 
dp £. 
.364P - .000252PC - 1.010 
2. Without aureomycin overall 
^ _ -.381 "tPC + 8.7681/0"+ .0330C 
.411'yPC+ .447YF+ .0330P 
dc _ .454P - .00239P3 + .981C 
dp £. 
.329P - .000214PC - .981 
The feed quantities and substitution rates for various conbinations of 
corn and soybean oilmeal are tabulated in Table 12 for Esperiments 536 and 
554 pooled. They are derived from the interval Cobb-Douglas equations 
for rations with and without aureomycin. Gains and feed quantities were 
obtained for three weight intervals, 34 to 60 pounds, 75 to 110, and 150 
to 175 pounds, and then converted to feed per 100 pounds of gain. The 
substitution rate (pounds of corn replaced by a pound of soybean oilmeal 
in the ration [dc/dp]) is based on the assumption that a constant protein 
level is fed for the interval. For instance, a substitution rate of 7.99 
for feeding 20 pounds of soybean oilmeal and 287 potmds of corn, to obtain 
26 pounds of gain on 34-pound pigs, indicates that if this 10,8 per cent 
protein ration were fed from weaning to 60-pound liveweight hogs, 7.99 
pounds of corn would be equivalent to the twentieth pound of soybean 
oilmeal in productivity. 
'fable 12. Feed combinations to produce 100 pounds of gain for 60, 110, and 
175 pound piiKs for with and without aureoraycin® 
Pounds 
soybean 60 lb. pigs 110 lb. pigs 175 lb. pigs 
oilmeal With aureo. Without aureo. With aui'eo. Without aureo. With aureo. Without auroo. 
lbs. MHS^ lbs. MRS lbs. MRS lbs. MRS lbs. MRS lbs. MRS 
corn C/P corn C/P corn C/P corn C/P corn 0/P corn 
10 421.7 23.51 414 22.52 356.8 6.61 417 8.81 387.0 4.17 399 3.53 
15 336.5 12.50 332 12.05 336.3 4.15 382 5.39 370.5 2.66 385 2.37 
20 286.7 7.99 284 8.33 319.0 3.95 360 3.80 359.3 1.94 375 1.66 
25 253.1 5.64 252 5.47 306.0 2.27 343 2.90 350.7 1.51 368 1.31 
30 228.7 4.25 228 4.13 295.9 1.83 330 2.33 342.0 1.24 362 1.07 
35 209.8 3.34 210 3.26 297.5 1.52 320 1.93 338.2 1.04 357 .90 
40 194.8 2.71 195 2.65 280.6 1.30 311 1.64 333.3 .90 353 .78 
45 182.4 2.26 183 2.21 274.6 1.13 303 1.42 329.1 .79 349 .69 
50 172.0 1.92 173 1.88 269.2 1.00 296 1.25 325.4 .62 346 .61 
55 163.1 1.65 164 1.62 264.4 .89 291 1.12 322.2 .59 343 .55 
60 155.4 1.44 156 1.42 260.2 .80 285 1.00 319.0 .57 341 .50 
65 148.6 1.27 150 1.25 256.4 .73 280 .91 316.4 .52 338 .46 
70 142.6 1.14 144 1.12 252.9 .67 276 .83 313.9 .48 336 .42 
75 137.2 1.02 139 1.00 249.7 .62 272 .77 311.6 .45 334 .39 
80 132.4 .92 134 .91 246.7 .57 268 .71 309.3 .42 332 .37 
05 128.0 .84 130 .83 244.0 .53 265 .66 307.3 .39 330 .34 
100 116.9 .65 119 .64 236.8 .44 256 .54 302.1 .33 325 .29 
120 105.9 .49 107 .49 228.8 .35 246 .43 296.3 .27 320 .24 
140 96,9 .39 99 .38 222.5 .29 239 .36 291.2 .22 316 .20 
^Derived from intervalJogarithmic equations for pooled Experiments 5^6 and 554. 
^Marginal rate of substitution. 
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The substitution rate diminishes as the pig reaches heavier weights, 
indicating that protein has a lover productivity (relative to corn) for 
pigs of heavier weights than it does for those of lover weights. Hot 
only is this true for a given quantity of soybean oilmeal, i.e., 10 pounds 
of soybean oilmeal fed to 60-pound pigs con^jared with 175-pound pigs, "but 
it is also true for a given protein level, She substitution rate for 
Oohb-Bouglas equations is a constant times the ratio of corn to soybean 
oilmeal. Shis constant is .557 for the smaller pigs, .185 for the inter­
mediate weights and .108 for the heavier weights. She effect of these 
changing constants for substitution rates on the combination of corn and 
soybean oilmeal is shown in Figure 37, where the ratio of corn to soybeem 
oilmeal in the least-cost ration is plotted against the substitution 
ratios (or substitution rates) for 60, 110 and 175-pound hogs, get 
steeper for the heavier weights. Shis indicates that a small change in 
the price ratio results in a greater change in the ratio of corn to soy­
bean oilmeal for 175-pound hogs, than for 110 or 60-pound hogs. Por a 
price ratio of 2/1, the least-cost ration for 60-pound pigs is three 
parts of com to one of soybean oilmeal; for 110-pound hogs, the ratio is 
about 11 to 1, and for 175-pound hogs, the ratio is about 19 to 1. 
She substitution rate also diminishes as higher quantities of protein 
are fed for the same gain interval. Shus, for 34 to 60 pound pigs, 20 
pounds of soybean oilmeal per 100 pounds of gain results in a substitu­
tion rate of 7.99, but if 70 pounds of soybean oilmeal is fed, the substi­
tution rate is 1.14. 
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7igare 37. Belationehip betveea subBtltutioa rate and the 
ratio of corn to S.3.O.M. and to per cent protein 
in least cost ration, Col}h-I}ougla8 interval equa­
tions from Sxperiments 536 and 554 
These same relationships can "be seen from the plotted contoiirs in 
Figure 38. As the elope of the contour iMicates the substitution rate, 
the flatter contours for heavier weight pigs and for higher levels of 
protein indicate lower substitution rates, fhe contours for heavier 
weights are further from the origin, indicating diminishing returns in 
feed efficiency for heavier weight hogs. More feed is required to produce 
100 potinds of gain for 175-pound hogs, than for 60 or llO-pound hogs. 
The margiiaal products of com and soybean oilmeal, corresponding to 
the feed quantities of Table 12 for rations with and without aureonjycin, 
are shown in Table 13. As the substitution rate is equivalent to the 
ratio of the marginal products, differences in substitution rates between 
any two points on the production surface Imply a difference in relative 
productivity of the two feeds. If 40 pounds of soybean oilmeal is fed 
per 100 poTinds of gain, the substitution rate dianges from 2,71 for 60-
poTind pigs, to 1.3 for llO-pound pigs and .90 for 175-pound pigs. The 
productivity of a pouM of corn for these three points changes less (.273. 
.273» .257 respectively) than the productivity of soybean oilmeal (.7^. 
.36, .23 re^ectively). This bears out the logical hypothesis that the 
animals• need for protein for body development changes to a greater extent 
than the need for carbohydrate for energy. The regression coefficients 
for com and protein are significantly different between intervals, both 
with and without aureomycia (see Appendix A, Table 47)-
With and Vithout Aureomycin 
The contours comparing rations with and without aureoiDycIn in Table 
12 show little difference for 60-pound pigs, but less feed required with 
W I T H  A U R E O M Y C i N  
W I T H O U T  A U R E O M Y C I N  
2 5  5 0  7 5  1 0 0  1 2 5  
P O U N D S  O F  S O Y B E A N  M E A L  ( 4 5 %  P R O T E I N )  
5 0  
Figare 38. Comparison of 60, 110 and 125 pound pig contours for with and 
without aoreongrcin shoving pounds of corn and S07hean oiliaeal 
per lOO pounds of gain. Derived from E^eriments 554 and 536 
lo^irlthnic equation 
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laljle 13. Coinparison of aargiaal productirities of corn and 
soybean meal and substitution rates, with and without 
aureomycin, derived froa logarithmic interral equations 
Experiments 536 and 554 
? oujlu-s 60-T5ound uics llO'i^ound "oifs 17 5^i?ound pies 
of MPP MEP MPP MPP MPP AC 
feed SBC»f corn AB SBOM corn JP SBOM corn 3P 
With aureomycin 
20 1.48 .186 7.99 .71 .240 2.95 .46 .238 1.94 
30 .99 .233 4.25 .47 .259 1.83 .31 .249 1.24 
40 .74 .273 2.71 .36 .273 1.30 .23 .257 .90 
50 .59 .310 1.92 .28 .285 1.00 .16 .263 .62 
60 .50 .343 1.44 .24 .295 •
 
00
 
o
 
.15 .268 .57 
70 .42 .373 1.14 .20 .303 .67 .13 .273 .48 
80 .37 .402 .92 .18 .311 .57 .12 .277 .42 
100 .30 .456 .65 .14 .324 .44 .09 .283 .33 
120 .25 .549 .49 .12 .335 .35 .08 .289 .27 
140 .21 .592 .39 .10 .345 .29 .07 .294 .22 
Without aureomycin 
20 1.44 .173 8.33 .81 .214 3.80 .41 .244 1.66 
30 .96 .232 4.13 .54 .233 2.33 .27 .252 1.07 
40 .72 .271 2.65 .41 .248 1.64 .20 .259 .78 
50 .58 .306 1.88 .33 .260 1.25 .16 .264 .61 
60 .48 .338 1.42 .27 .270 1.00 .14 .269 .50 
70 .41 .368 1.12 .23 .279 .83 .12 .272 .42 
80 .36 .395 .91 .20 .287 .71 .10 .276 .37 
100 .29 .446 .64 .16 .301 .54 .08 .281 .29 
120 .24 .493 .49 .14 .313 .43 .07 .286 .24 
140 .21 .536 .38 .12 .323 .36 .06 .290 .20 
^Marginal product in pounds. 
Marginal rate of substitution. 
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aureomycin for heavy hogs. The regression coefficients for com and "oro-
tein (Tahle 14) are significantly different at the 10 per cent level only 
in the case of corn and in the highest weight range. The com coefficient 
is significantly different at the 20 per cent level for the overall eqija-
tion. These results were not expected, hut other research workers have 
Tahle 14. Values of t for testing regression coefficients 
for aureoEiycin with regression coefficients without 
aureonycin, Esperiments 536 and 55^ 
Weight range Protein coefficient Cora coefficient 
3 ^ -  7 5  . 3 7  . 1 3  
75 -150 1.08*  ^ .13 
150 -200 .59 1.82^  
overall .71 1.^3^ 
Significant at the 5 pei" cent level 
^Significant at the 10 per cent level 
^Significant at the 20 per cent level 
J 
Significant at the 40 per cent level 
found ejcperinental results on the response from antihiotics highly vari­
able. The catise for this is "believed to depend on the disease level of 
the aniaial. In some cases, healthy animals on fortified rations have not 
responded to antibiotics. On the other hand, a susanary of 14 ezperiments 
involving 762 pigs at the Iowa station shows a 9 per cent reduction in 
feed from weaning to 75 potmds, and a 5 per cent reduction from weaning 
to 200 pounds, as a result of the use of antihiotics.^ A possible 
^Catron, Damon. Recent developments in animal nutrition. Peedstuffs. 
24(no. 7)0^. Feb. 16, 1952. 
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ezplanation for the greater response to aureoiaycin at heavier weights in 
this study is that for some reason the pigs were less disease-free at the 
heavier weights. 
A t-test for differences in the regression coefficients is not a 
direct test for differences in feed reqairements. One could have signi­
ficantly different coefficients and still obtain identical feed require­
ments for a particular ration, or one could have an identical regression 
coefficient for corn or protein and still obtain widely different feed 
requirements. She contours depend on all three coefficients and not just 
one, 
The experimental evidence from the three experiments is not suffi­
cient to make a thorough study of the profitability of adding antibiotics 
to rations. She cost is about one dollar and fifteen cents to one dollar 
and twenty-five cents per ton of feed at 1S53 prices. In view of well-
substantiated results from other studies indicating a reduction in the 
variability of daily gains, a reduction in time requirements and a possi­
ble reduction in feed requirements, with benefits varying indirectly with 
the disease level of the animals, it would £5>pear that the general accep­
tance of antibiotic supplementation of rations by farmers is for the most 
part economically justified. 
Different Equations 
When the three weight interval contours (derived from interval and 
overall cross-product emd Cobb-Dougles equations for Esperiaents 536 and 
554 with aureomycin pooled) are compared (see Table 15 and Figures 39, 40, 
139 
Sable 15. Comparisons of feed combinations per 100 povmds of gain 
for 60, 110 and 175-pound pigs from four alternative ftmctions. 
Esperiments 536 and 554 pooled and with aureomycin 
Percent Overall C-Sfi Interval C-fl^ Overall CPQ^ Interval CPQ. 
protein Pounds Pounds Pounds Pounds Pounds Pounds Pounds Pounds 
corn SBCBf com SBC9{ corn SBCSi corn SBC^ 
51 - 60-TDOund "Dies 
10 268.9 13.1 326.1 15.9 263.9 12.8 312.7 15.2 
11 231.4 21.1 260.4 23.7 246.0 22.4 262,0 23.9 
12 218.9 25.2 239.7 27.6 237.2 27.3 242.7 27.9 
13 203.4 31.8 214.8 33.5 223.3 34.9 217.8 34.0 
14 194.1 36.9 200.3 38.0 213.0 40.5 202.4 38.4 
15 182.9 44.6 183.2 44.7 198.7 48.4 183.2 44.7 
16 177.8 49.1 175.2 48.4 191.0 52.7 173.7 47.9 
17 169.7 56.6 163.8 54.6 181.2 60.4 160.7 53.6 
18 165.0 61.9 157.0 58.9 171.1 64.1 152.9 57.3 
19 157.7 71.5 146.7 66.5 158.1 71.6 140.8 63.8 
20 154.8 75.8 142.7 69.9 152.7 74.8 137.1 67.2 
75 - 110-T)oxmd Tsies 
10 376.7 18.3 331.9 16.1 327.5 15.9 304.2 14.8 
11 324.2 29.6 300.9 27.4 304.6 27.8 291.5 26.6 
12 306.7 35.3 290.2 33.4 293.7 33.8 284.7 32.7 
IS 285.0 44.5 276.6 43.2 277.3 43.3 274.1 42.8 
14 272.0 51.7 268.3 51.0 265.6 50.4 266.1 50.5 
15 256.3 62.5 258.0 62.9 249.7 60.9 254.5 62.0 
16 248.8 68.6 253.1 69.8 241.5 66.7 248.1 68.5 
17 237.8 79.3 245.7 81.9 228.5 76.2 237.3 79.1 
18 231.2 86.7 241.2 90.4 220.3 82.6 230.4 86.4 
19 221.0 100.1 234.2 106.1 207.0 93.8 218.4 99.0 
20 216.9 106.3 231.3 113.4 201.4 98.7 213.3 104.5 
150 - 175 T)Ound Tales 
10 441.0 21.5 364.0 17.7 398.5 19.4 343.1 16.7 
11 379.4 34.6 342.5 31.2 368.S 33.6 336.2 30.6 
12 359.0 41.3 334.8 38.5 355.5 40.9 332.6 38.2 
13 333.6 52.1 325.0 50.8 338.4 52.8 326.6 51.0 
14 318.4 60.5 318; 9 60.6 327.3 62.2 320.9 61.0 
15 299.9 73.1 311,2 75.9 315.2 76.8 313.5 76.4 
16 291.2 80.3 307.5 84.9 310.3 85.6 309.1 85.3 
17 278.2 92.7 301.9 100.6 304.0 101.3 301.3 100.4 
18 270.6 101.4 298.5 111.9 301,6 113.1 296.0 110.9 
19 258.7 117.2 293.0 132.8 304.3 137.9 286.2 129.7 
20 253.8 124.4 291.0 142.5 307.6 150.7 283.6 139.0 
^obb-Douglas equation. 
^Cross product quadratic equation 
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figure 39. Ccssparlson of SO pound pig contours froQ four altercAtire 
equations, shoving corn and eoyliean oiliseal combinatioiis 
required to produce 100 pounds of gain, EjqperioentB 536 and 
554 vith aureomycin 
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figure 40. Comparieon of 110 pouud pig contours from four alternative equations, showing corn and 
soybean oilmeal combinations required to produce ICQ pounds of gain, Hxperimenta 536 
and 554 
1" •^L.NDS OF SOY-E AN OILMFAL 
figure 41. Compejrisoii of 175 pound pig contours from four altornBtive equations, showing 
combinations of corn and soybean oilmeal requiired to produce 100 pounds of gain, 
Bxperimeata 536 and 554 with aureoajrcin 
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and 41), it appears that the interval Cohh-Douglas consistently fits the 
lot means of the experimental data. For the 34 to 60-pound interval, all 
four curves except the overall quadratic appear to he satisfactory. For 
the 75 to llO-pound interval and the 150 to 175-pound interval, all four 
curves appear satisfactory, although in the latter case the overall Cohh-
Douglas has a slope considerably greater than that suggested froa the lot 
means or froa the other equations. As the slope is an average for all 
pig weights, it appears logical to accept another equation which does not 
have this restriction. 
In Table 16, the substitution rates for the overall equations are 
adjusted to be comparable to those obtained from the interval equations 
(see Appendix B for procedure). The Cobb-Bouglas overall equations specify 
the same substitution rate for a given ration regardless of the weight of 
the pig, giving rise to considerable differences between rates obtained 
from it and from the interval Cobb-Bouglas equations in the low and high 
weight categories. The interval quadratic substitution rates aore nearly 
approach the interval Cobb-Douglas rates except for the 150 to 175-pound 
category, where the substitution rates are very nearly linear. 
Comparisons of feed quantities per 100 pounds of gain for E^eriment 
554 (with aureoaycin) are made in Table 17 and Figures 42, 43, and 44. 
The four equation types compared for the pooled experiments, plus the 
overall square root and overall ratio functions, are used here. The 
interval Cobb-Douglas, the overall ratio and the overall square root equa­
tions give consistently satisfactory results for all three weight inter­
vals. The overall cross-product quadratic equation has a curvatxire concave 
to the origin instead of convex. Again, the overall Cobb-Douglas contour 
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Table 16. Coinparison of substitution rates for 60, 110 and 175-pound 
pigs, four alternative production functions from 
Ezperiments 536 and 554 with aureomycin 
Per cent Overall Interval Overall Interval 
protein Cobb- Cobb- quadratic quadratic 
Douglas Douglas 
34 to 60 pounds 
10 4.92 11.45 1.88 6.76 
11 2.62 6.11 1.86 5.07 
12 2.08 4,85 1.84 4.50 
13 1.53 3.57 1.82 3.78 
14 1.26 2.93 1.81 3.34 
15 .98 2.29 1.79 2.82 
16 .87 2.02 1.78 2.57 
17 .72 1.67 1.76 2.20 
18 .64 1.49 1.75 1.97 
19 .53 1.23 1.72 1.62 
20 .49 1.14 1.71 1.47 
75 to 110 pounds 
10 4.92 3.81 1.99 1.10 
11 2.62 2.03 1.86 1.08 
12 2.08 1.61 1.80 1.07 
13 1.53 1.19 1.67 1.05 
14 1.26 .98 1.59 1.04 
15 .98 .76 1.49 1.02 
16 .87 .67 1.41 1.01 
17 .72 .55 1.31 .99 
18 .64 .49 1.27 .98 
19 .53 .41 1.16 .96 
20 .49 .38 1.12 .95 
150 to 175 nnnTtfln 
10 4.92 2.21 2.47 .49 
11 2.62 1.18 1.88 .49 
12 2.08 .94 1.69 .49 
13 1,53 .69 1.29 .49 
14 1.26 .57 1.10 .49 
15 .98 .44 .80 .49 
16 .87 .39 ,67 .49 
17 .72 .32 .45 .49 
18 .64 .29 .34 .49 
19 .53 .24 .16 .49 
20 .49 .22 .10 .49 
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TaTjle 17. Comparison of feed conciliations for 60, 110 and 175-poTiad 
hogs from six functions fitted on. data from 
Esperiment 554 with aureomycin 
Per cent Overall Interval Overall Overall Overall Interval 
protein Cohb-Doug. Co'b'b-DQtLg. so. root ratio qaad. quad. 
Lhs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. 
com SB(M corn SBCSI corn SBOH corn SBOM com SBON com S20H 
Sain from 31 to 60 potuids 
10 270 13 328 16 288 14 351 17 304 15 329 16 
11 230 21 256 23 234 21 247 23 273 25 264 24 
12 216 25 235 27 216 25 221 25 258 SO 240 28 
13 200 31 207 32 195 30 194 30 235 37 212 33 
14 188 36 190 37 183 35 179 34 217 42 195 37 
15 178 44 173 42 168 41 162 39 197 48 175 43 
16 173 48 166 46 162 45 154 42 186 51 166 46 
17 164 55 153 51 152 51 143 48 169 56 173 51 
18 160 60 146 55 147 55 136 51 159 60 146 55 
19 152 69 136 61 139 63 126 57 142 64 135 61 
20 149 73 132 65 137 67 122 60 135 66 132 65 
Gain from 75 to 110 ootmds 
10 367 18 320 16 350 17 302 15 312 15 302 15 
11 312 28 284 26 296 27 282 26 294 27 283 26 
12 294 34 271 31 279 32 274 32 283 33 274 31 
13 278 42 256 40 260 41 253 41 266 42 260 41 
14 258 49 246 47 249 47 255 48 249 48 247 47 
15 242 59 235 57 238 58 244 60 231 56 237 58 
16 234 65 229 63 233 64 239 66 220 61 230 63 
17 223 74 221 74 228 76 230 77 202 67 220 73 
18 217 81 216 81 2S7 85 224 84 190 71 213 80 
19 206 94 209 95 226 102 215 98 171 77 202 92 
20 202 99 205 101 227 111 211 104 163 80 197 97 
Gain from 150 to 175 TDOtmds 
10 423 21 323 16 391 19 367 18 324 16 301 15 
11 360 33 311 28 335 31 336 31 333 30 302 28 
12 339 39 308 35 318 37 326 37 336 39 302 35 
13 313 49 302 47 299 47 312 49 341 53 302 47 
14 298 57 299 57 289 55 303 58 338 65 301 57 
15 279 68 295 72 280 68 294 72 338 82 298 73 
16 270 75 293 81 277 76 290 80 333 92 296 82 
17 257 86 290 97 275 92 285 95 322 107 291 97 
18 250 94 288 108 276 104 283 106 310 116 287 108 
19 237 108 285 129 282 128 283 128 285 129 277 126 
20 233 114 283 139 286 140 285 140 273 134 272 134 
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appears to have too mch slope for heavy hogs, because it is an average 
for all weights. The interval cross-product quadratic fxinction gives 
good results, except for the 150 to 175-pound range where the curvature 
is concave to the origin. 
She corresponding substitution rates are shown in Table 18. 
The interval cross-product, interval Cobb-Douglas and overall square root 
equations give similar results for SO-^pound pigs. This can be more easily-
visualized from Picaire 45, where the substitution rates for the different 
equations are plotted agairst the corresponding ratio of corn to soybean 
oilraeal in the least-cost ration. In general, the interval functions can 
be e35)ected to give more accarate results than the overall equations, -
because of the difficulty of obtaining a good fit over a large surface 
where relationships are changing. ?or 110-pound pigs, the overall ratio 
equation gives siiailar results to the interval Cobb-Douglas and the over­
all square root, For 175-pound pigs, there is a greater variation between 
the results of different equations than there is for the lighter hogs. 
This is in part due to the fact that there is a greater variation in 
ezperimental results in this range, and also due to the fact that gains 
and feed are ccusalated from weaning for the overall functions, making it 
more difficult to obtain exact relationships for the higher wei^t inter­
vals. 
Peed requirements per pig froa weaning, predicted from the overall 
Cobb-Douglas Experiaents 554 and 536 pooled, interval Cobb-Douglas for 
554 and 536 pooled and E3q)eriments 506, 536 and 554 interval functions 
are shown in Table 19 and Jigure 46. 
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Tatle 18. Coaparison of suljstitutioii rates from five alternative 
equations for 60, 110 and 175-poxmd hogs and for protein levels 
from 10 to SO, E:q>eri3nent 554 with aoreoaycin 
Per cent Overall laterved Overall Overall Interval 
protein CobD- Colsb- square ratio quadratic 
Douglas Doxiglas root 
60-DOund ho firs 
10 7,15 13.48 9.57 6.10 10.48 
11 3.82 7.20 5.54 2.53 7.01 
12 3,03 5.71 4.45 1.96 5.96 
13 2.23 4.20 3.27 1.46 4.69 
14 1.83 3.45 2.65 1.22 3.97 
15 1.43 2.69 1.98 .97 3.13 
16 1.26 2.38 1.70 .85 2.74 
17 1.04 1.9? 1.32 .68 2.17 
18 .93 1.75 1.11 .58 1.84 
19 .77 1.45 .81 .41 1.30 
20 .71 1.34 .71 .32 1.08 
110-T3ound hoes 
10 7.15 4.87 7.55 3.96 1.82 
11 3.82 2.60 3.87 2.08 1.66 
12 3.03 2.06 2.92 1.72 1.57 
13 2.23 1.52 1.92 1.32 1.45 
14 1.83 1.25 1.41 1.16 1.35 
15 1.43 .97 .89 1.00 1.22 
16 1.26 .86 .68 .93 1.15 
17 1.04 .71 .41 .84 1.04 
18 .93 .63 .27 .78 .96 
19 .77 .52 .10 .70 .83 
20 .71 .48 
— .66 .77 
175 Tjound ho£:s 
10 7.15 1.24 6.95 4.10 -rr.-
11 3.82 .66 3.37 1.63 
12 3.03 .52 2.44 1.45 
13 2.23 .39 1.51 1.06 .06 
14 1.83 .32 1.01 .88 .12 
15 1.43 .25 .57 .64 .22 
16 1.26 .22 .38 .54 .28 
17 1.04 .18 . lo .37 .38 
18 .93 .16 .05 .28 .45 
19 .77 .13 — .15 .58 
20 
.71 .12 
— .10 ,64 
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7lgare 45. Coj^erisoa. of leaet-^oet rations as derived froa 
overall square root, interval Cob'b-DoTiglas, interval 
cross-product, overall Co'b'b-Bouglas, and overall 
ratio fonctions for S^i^erisient 554 with aoreocqrcin 
Taljl© 19. Feed requirements for a ration including aureomycin derived from Experiments 536-554 
pooled interval and overall logarithmic equations and from 506-536-554 interval equations 
Per cent Overall Interval Interval Overall Interval Interval 
protein 536-554 536 1-554 506-536-554 536--554 536-554 506-536-554 
Lbs, Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. 
pa 0^ P C P C P C P 0 P C 
Qain from 34-75 pounds Gain from 34-100 pounds 
10 5.9 120.6 7.1 146.3 7.1 146.3 10.4 213.2 11.0 227.5 10.9 224.8 
12 11.3 103.8 12.4 107.9 12.3 107.0 20.0 173.6 20.5 178.1 20.2 175.9 
14 16.5 98.2 17.1 90.3 16.9 89.2 29.2 154.0 29.5 156.2 29.1 153.0 
16 22.0 91.2 21.8 78.9 21.5 77.8 38.9 140.8 38.7 140.1 38.1 138.1 
18 27.7 87.1 26.5 71.2 26.1 69.6 49.0 130.9 48.4 129.0 47.7 127.2 
20 34.0 82.0 31.5 65.1 30.9 63.2 60.1 122.7 58.9 120.2 58.1 118.5 
Gain from 34 to 150 pounds Gain from ! 34-175 pounds 
10 20.4 418.8 20.2 415.5 20.1 413.0 25.7 529.0 25.0 513.9 24.7 508.0 
12 39.2 341.0 39.4 342.9 39.2 341.2 49.5 430.7 49.1 427.1 49.1 427.3 
14 57.4 302.4 58.4 307.4 58.2 306.1 72.6 382.0 72.9 383.7 73.6 387.5 
16 76.3 276.6 78.3 283.8 78.1 282.9 96.4 349.3 97.8 354.5 99.6 360.8 
18 96.3 257.0 99.7 266.0 99.5 265.4 121.7 324.7 124.5 333.2 127.7 340.6 
20 118.1 241.1 123.3 251.5 123.1 251.2 149.2 304.5 153.9 314.0 158.8 324.1 
Gain from 34-200 pounds Gain from 34-225 pounds 
10 31.3 643.2 29.4 604.6 29.6 608.9 37.0 760.8 34.3 705.5 34.6 712.0 
12 60.2 523.7 59.4 516.7 59.6 518.7 71.2 619.4 70.1 609.5 70.4 612.1 
14 88.2 464.4 89.8 473.0 90.0 473.7 104.3 549.3 106.6 561.3 106.7 561.9 
16 117.2 424.7 122.4 443.4 122.4 443.4 138.6 502.4 145.9 528.7 145.7 527.9 
18 148.0 394.7 157.8 421.0 157.6 420.4 175.0 466.9 188.8 503.7 188.2 502.0 
20 181.4 370.2 197.3 402.5 196.7 401.4 214.6 437.9 236.8 483.1 235.5 480.6 
^Soybean oilraeal 
^Corn 
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Figoxe 46. l8o-gain contours using Cobb-Douglas equations with aureoojrcin 
comparing Szperiments 506-536 Eind 554 pooled, interval equa­
tions with Bsperiments 536 and 554 pooled overall equation and 
Experiments 536 and 554 interval equations 
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The feed quantities and substitution rates derived froa the three 
ezperiments pooled interval fxmctions are very similar to those from the 
two experiaents. The observations for E^eriment 506 fell within the 
range of the ohservations for the other tvc speriaents, hut there was a 
slight difference in the contours for the 150 to SjQ-pound weight range 
when this experiment was included. This may be due in part to the fact 
that observations for Ej^jeriment 506 covered only the low protein raage, 
influencing Just one side of the contour and affecting the slope. 
In predicting feed requirements for eO-potmd pigs, the overall Cobb-
Douglas eqjoation overestimates feed requirements for hi^ protein rations 
relative to the interval functions, and underestinates feed requirements 
for low protein rations. Conversely, for heavy hogs, feed requirements 
for low protein rations are overestimated, and for high protein rations 
they are under estimated. 5hus, it appears that the overall Cobb-Douglas 
equation is inappropriate for obtaining total feed requirements as well 
as substitution rates. As the contours from the overall equation all have 
the same slope for the seae ration, regardless of the weight of the pig, 
it can be used to predict feed requirements and contours for an average 
weight hog fitted by the function, Shis graph does indicate, however, 
that this eq.uation should not be used to predict feed requirements from 
weaning to 200 pounds, from weaning to 60 pounds, or from 110 to 200 
pounds. 
Contours showing feed requirements and combinations from weaning are 
shown in Sable 20 and l*igare 47 for the overall quadratic square root 
equation, interval Cobb-Douglas, and overall ratio quadratic equations. 
Differences are not great, but the overall square root equation has con­
tours showing more of a tendency for a limitational nutrient effect than 
Table 20. Comparison of feed requirements from weaning weight using CobTj-Douglae Interval, quadratic 
square root and quadratic ratio equations, Experiment 554 with aureomycin 
Per cent 
protein 
Interval 
Cobb-PouglaB 
lb8. LbB. 
P e° 
Square 
root 
lbs. 
P 
Lbs. 
C 
Batio 
Lbs. 
P 
Lbs, 
0 
Interval 
Cobb-Douglas 
Lbs. Lbs. 
P C 
Square 
- yppt 
Lbs. 
P 
Lbs. 
C 
Batio 
Lbs. 
P 
Lbs, 
C 
Qain from 31 to 76 potrnde Gain from 31 to 110 pounds 
10 7.7 158.6 6.4 131.2 7.0 144.4 13.2 270.5 12.3 253.7 12.2 260.0 
12 13,1 113.5 11.5 100.4 11.8 103.3 24.0 208.4 22.8 198.1 22,9 199.2 
14 17.7 92.9 16.3 86.0 16.7 88.2 34.1 179.1 32.9 173.2 33.7 177.5 
16 22.1 80.0 21.3 77.3 21.7 78.5 44.3 160.3 43.9 159.0 44.7 162.2 
18 26.6 70.8 26.8 71.5 26.6 71.1 55.0 146.5 56.5 ISO.8 66.1 149.6 
20 31.2 63.6 33.2 67.7 31.7 64.6 66.4 135.5 72.1 147.1 67.9 138.6 
Oain from 31 to 150 pounds Oain from 31 to 175 pounds 
10 20.3 417.6 19.7 404.1 18.6 382.8 24.3 498.4 24.4 501.7 23.1 474.7 
12 38.3 333.2 36.8 319.9 36.6 318.7 47.1 410.2 45.9 399.4 46.0 400.1 
14 55.6 292.4 53.8 283.2 54.8 288.7 69.8 367.2 67.5 355.5 69.2 364.5 
16 73.3 265.8 72.7 263.6 73.7 267.2 93.5 339.0 91.9 332.9 93.7 339.6 
18 92.2 246.0 95.3 254.1 93.7 250.0 119.2 317.9 121.1 323.2 120.2 320.7 
20 112.7 230.0 123.9 252.9 115.6 235.8 147.4 300.9 159.9 324.5 150.5 307.0 
^Soybean oilmeal. 
^Corn. 
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Figure 47. Feed con'bina'bions per pig from weaning for 75, 110, 150 and 
175 pound pigs comparing overall square root, interval Col)!)-
Douglas and overall ratio contours, Sxperiment 554 
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Table 21. Potmds of corn corresponding with different levels of 
soTbean oilmeal for iso-gain contours as derived from 
alternative esperiments 
Pounds PoTinds of corn for iso-gain. contours from Exoerinient— 
soybean With, aggeomycin tfithout aoreomycin 
oilmeal 536 554 5S6- 506- 506- 536 554 536- 506- 506-
554 554 536- 554 554 536-
554 554 
Weaning to 60 poxmds 
10 425 446 422 421 424 631 372 414 371 424 
15 343 342 337 330 336 462 301 332 302 337 
20 294 283 287 277 285 370 259 284 261 287 
25 262 244 253 242 251 312 230 252 233 253 
30 238 217 229 217 226 271 209 228 213 229 
35 219 196 210 200 207 240 193 210 196 210 
40 204 180 195 183 192 217 180 195 184 194 
45 192 166 182 170 179 198 169 183 173 182 
50 181 155 172 160 169 183 160 173 164 172 
60 165 138 155 143 152 159 145 156 149 155 
70 153 124 143 130 139 141 134 144 138 142 
80 141 114 132 120 129 127 125 134 129 132 
100 126 98 117 105 114 107 111 119 115 116 
75 to 110 Tsounds 
10 416 355 357 350 354 364 445 417 440 414 
15 385 323 336 321 329 354 392 382 395 383 
20 364 301 319 301 313 348 358 360 366 362 
25 349 286 306 287 301 343 334 343 345 346 
30 337 274 296 276 291 339 315 330 329 334 
35 328 264 298 267 283 335 300 320 316 324 
40 319 256 281 259 276 332 288 311 305 315 
45 312 249 275 253 271 329 277 303 296 308 
50 306 243 269 247 266 327 268 296 287 302 
60 296 232 260 237 257 323 253 285 274 291 
70 287 224 253 230 250 320 241 276 263 283 
80 280 217 247 223 244 317 221 268 254 275 
100 268 206 237 212 235 313 215 256 239 263 
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Table 21 (Coatinued) 
Pouads Potinds of com for iso-eain. conto'jjs from Erperiaent— 
soybean ¥lth agreomyein ¥ithont atireomyein 
oilmeal 5S6 554 536- 506- 505- 536 554 535- 506- 506-
554 554 536- 554 554 536-
554 554 
150 to 175 -pounds 
10 494 332 387 345 412 438 377 399 409 410 
15 455 324 371 333 391 420 362 385 389 394 
20 429 319 359 325 376 407 352 375 376 383 
25 410 314 351 318 366 397 344 368 366 375 
30 395 311 342 313 357 389 338 362 357 368 
35 383 308 338 309 350 383 332 357 351 362 
40 373 306 333 306 344 377 328 353 345 358 
45 354 303 329 302 339 373 324 349 340 354 
50 357 301 325 300 334 368 321 346 336 350 
60 344 298 319 295 327 361 315 341 328 344 
70 333 295 314 291 320 
80 324 293 309 288 315 
100 310 289 302 282 306 
355 310 336 322 338 
350 306 332 317 334 
342 299 325 308 327 
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ISaljle 22. Substitution rates for different anoxmts of soybean oilmeal 
per 100 pounds gain as derived from logarithaiic interval 
equations for different ezperiments 
Pounds Substitution rate for experiment(s) 
soybean With, aareoinycin tfithont aureossiycin 
oilmeal 536 554 536- 506- 506- 536 554 536- 506- 506-
554 554 536- 554 554 536-
554 554 
Veajtinp' to 60 Taounds 
10 22.5 29.2 23.5 25.4 24.3 48.6 19.5 22.5 18.9 23.8 
15 12.1 14.9 12.5 13.3 12.8 23.7 10.5 12.1 10.2 12.6 
20 7.8 9.3 8.0 8.4 8.2 14.2 6.8 8.3 6.6 8.1 
25 5.5 6.4 5.6 5.9 5.8 9.6 4.8 5.5 4.7 5.7 
30 4.2 4.7 4.3 4.4 4.3 7.0 3.7 4.1 3.6 4.3 
35 3.3 3.7 3.3 3.4 3.4 5.3 2.9 3.3 2.9 3.4 
40 2.7 2.9 2.7 2.8 2.8 4.2 2.4 2.7 2.3 2.7 
45 2.3 2.4 2.3 2.3 2.3 3.4 2.0 2.2 2.0 2.3 
50 1.9 2.0 1.9 1.9 1.9 2.8 1.7 1.9 1.7 1.9 
60 1.5 1.5 1.4 1.4 1.5 2.0 1.3 1.4 1.3 1.5 
70 1.2 1.2 1.1 1.1 1.1 1.6 1.0 1.1 1.0 1.1 
80 0.9 0.9 0.9 0.9 0.9 1.2 0.8 0.9 0.8 0.9 
100 0.7 0.7 0.7 0.6 0.7 0.8 0.6 0.6 0.6 0.7 
75 to 110 Tjounds 
10 7.9 8.4 6.6 7.6 6.3 2.4 14.0 8.8 11.7 8.2 
15 4.9 5.1 4.2 4.6 3.9 1.6 8.2 5.4 7.0 5.0 
20 3.5 3.5 3.0 3.3 2.8 1.2 5.6 3.8 4.9 3.6 
25 2.7 2.7 2.3 2.5 2.1 0.9 4.2 2.9 3.7 2.7 
30 2.1 2.2 1.8 2.0 1.7 0.8 3.3 2.3 2.9 2.2 
35 1.8 1.8 1.5 1.7 1.4 0.6 2.7 1.9 2.4 1.8 
40 1.5 1.5 1.3 i;4 1.2 0.6 2.3 1.6 2.0 1.6 
45 1.3 1.3 1.1 1.2 1.1 0.5 1.9 1.4 1.7 1.4 
50 1.2 1.2 1.0 1.1 1.0 0.4 1.7 1.3 1.5 1.2 
60 0.9 0.9 0.8 0.9 0.8 0.4 1.3 1.0 1.2 1.0 
70 0.8 0.8 0.7 0.7 0.6 0.3 1.1 0.8 1.0 0.8 
80 0.7 0.6 0.6 0.6 0.5 0.3 0.9 0.7 0.8 0.7 
100 0.5 0,5 0.4 0.5 0.4 0.2 0.7 0.5 0.6 0.5 
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faille 22 (Coatizxaed) 
Subatitation rate for exDeriiaent(s) 
¥ith aureomyeln tftthout agreoayein 
536 554 536- 506- 506- 536 554 536- 506- 506-
554 554 536- 554 554 536-
554 554 
150 to 175 Tjounds 
10,0 2.0 4.2 3.0 5.3 4.7 3.8 3.5 5.0 4,1 
6.1 1.3 2.7 2.0 3.4 3.0 2.4 2.3 3.2 2.6 
4,3 1.0 1.9 1.4 2.4 2.2 1.8 1.7 2.3 1.5 
3.3 0.8 1.5 1.1 2.3 1.7 1.4 1.3 1.8 1.2 
2,7 0.6 1.2 0.9 1.5 1.4 1.1 1.1 1.5 1.0 
2.2 0.5 1.0 0.8 1.3 1.2 1.0 0,9 1.2 0.9 
1.9 0.5 0.9 0.7 1.1 1.0 0.8 0.8 1.1 0.9 
1.6 0.4 0.8 0.6 1.0 0.9 0.7 0.7 0.9 0.8 
1.4 0.4 0.6 0.5 0.9 0.8 0.6 0.6 0.8 0.7 
1.2 0.3 0.6 0.4 0.7 0.7 0.5 0.5 0.7 0.6 
1.0 0.3 0.5 0.4 0.6 0.6 0.4 0.4 0,6 0.5 
0.8 0.2 0.4 0.3 0.5 0.5 0.4 0.4 0,5 0.4 
0.6 0.2 0.3 0.3 0.4 0.4 0.3 0.3 0.4 0.3 
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Pigore 48. Peed comTjinations per 100 pounds of gain for 60, 110 and 175 
pound pigs for rations with aureoiaycin and coaroarixig results 
fron E35>eriment 554 with Eiq)eriinent 536 
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Figure 49. Peed comljiiiatioiis per 100 pounds of gain for 60, 110 and 
175 pound pigs, with and without aureomycin, Es^jeriment 
536 
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Figure 50. Peed combinations per 100 pounds of gain for 60, 110 175 
pound pigs, with and without aureomycin, Experiment 554 
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Table 23. Least-cost ration as derived from Bsperiments 536 
and 554 separately and pooled 
Ejgperinient Experioent Pooled Isperiments 
556 554 536 and 554 
Price Pounds Pounds Pounds 
ratio soybean Pounds soybean Pounds soybean Pounds 
oilmeal com oilmeal corn oilmeal com 
1.0 76 145 77 117 76 136 
1.5 59 166 60 137 59 158 
2.0 49 184 51 154 49 175 
2.5 42 198 44 168 42 189 
3.0 37 211 40 181 37 202 
3.5 34 223 36 192 34 213 
4.0 31 233 33 203 31 224 
75 to 110 T)0unds 
1.0 57 299 56 236 50 269 
1.5 40 318 40 255 35 287 
2.0 32 333 32 270 28 300 
2.5 26 346 27 281 23 311 
3.0 23 356 23 291 20 320 
3.5 20 365 20 300 17 328 
4.0 18 372 17 315 15 334 
150 to 175 pounds 
1.0 68 356 19 319 36 337 
1.5 48 360 13 327 25 351 
2.0 38 377 10 332 19 360 
2.5 32 392 8 336 16 368 
3.0 27 404 7 340 13 375 
3.5 24 414 6 343 12 381 
4.0 21 424 5 346 10 385 
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the other two curves. 
The 60, 110 and 175-pound pig contours for Ea^jeriments 536 , 554 and 
for the esperl-Bents pooled are shown in lahle 21 and 22, when pounds of 
soybean oilmeal per 100 poujids of gain are Traried. 5he plotted contours 
in ?igures 48, 49 and 50 show the differences between experiments, and 
for with and without aureoaycin. Differences between with and without 
aureomycin for each experiment are not significant at any acceptable 
probability level, but differences are greater for heavier weights. The 
striking similarity in the slope of the 60 and 110-pound pig contours in 
Figure 48 and Table 21 for the two esperinents 536 and 554, results in 
essentially the same quantity of soybean oilmeal for e least-cost ration 
in either case but about 25 per cent higher corn requirements for Experi­
ment 536. This similarity is indicated more clearly in Table 23, where 
the two esperinents are compared on the basis of varying substitution 
rates. These differences may be due to differences in the quality of the 
corn or in the efficiency of feed conversion. 
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PEEDICTI5G TIME BELATIOHSHIPS 
xhe customary yardstick in measuring rate of growth is daily rate of 
gain. Por this study, total tine required to feed hogs to market weight 
(or 'between two given weights) appeared to be the most appropriate measure 
for making economic decisions. Since most people think in terms of daily 
rate of gain and comparisons are easier when weight intervals are not 
uniform, hoth. total time and daily rate of gain were needed. 
The procedure adopted was to determine the functional relationship. 
Time = f(pounds of corn, pounds of soybean oilmeal). From this equation, 
the total nunber of days required could be obtained directly, given the 
quantity of feed. Then, as gain was already estimated (Y = f(P,C)), 
average daily gain could be con^juted as T/T and gain per day at any stage 
of growth could be obtained from the derivative dT/df. 
The selection of a type of cujrsre for the T = f(P,C) relationship 
proved more complex than for the gain equations. Preliminary investiga­
tions of the experimental observations, together with logic from animal 
nutrition, suggested that iso-time contours are or might be concave to 
the origin, or concave toward the corn axis, and linear or very slightly 
convex at the soybean oilmeal axis. The latter would be true if by adding 
protein to a corn ration, corn consumption were reduced only gradually 
because of the increased palatability of the ration; but, moving from a 
high protein ration to an all corn ration, the palatability was decreased. 
As soybean oilmeal is highly palatable, this logic seemed to be realistic. 
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This line of logic was strengthened from other studies, suggesting that 
there was a maximtm daily rate of gain within the range of data. If "both 
tiaie and gain contours were convex, a naximum could "be obtained, assuming 
that the gain contours had more curvature than the tine contours. How­
ever, on the basis of the curvature of the gain contours, it seemed 
unlikely that a maximum would be obtained. 
On this basis, it seemed desirable to fit a curve which would allow 
either a convex or concave iso-time curve. A Cobb-Bouglss equation always 
gives a convex contoxir, so that the choice rested on one of the quadratic 
type equations. 
The three overall quadratic type equations for Experiment 554 with 
aureomycin are:^ 
(a) T = 6.958 + .0379P*=**+ .291C + .CI0197P2 - .00009302 - .001073PC 
(b) T = 3.969 + .083P*»*+ .2460 + .00078P3«**-.00012302 + .735 0 
P 
(c) T = -9.837 + .69QP + .167C - .433*»» VF + 4.264 YC ~ .590 7^ 
2 
and without aureosycin: 
(a) T = 3.256 + .766P + .2430 + .OOSOIP® + .0001060^ - .00445PC 
(b) I = -.613 + .804P + .06260 + .000330P2 + .000040C® + 2.1420 
P 
(c) T = 15.798 + 1.302P - .1250 - 17.979 /p + 7.421 Yc" + .322")/^. 
Interval Cobb-Douglas equations are shown below for Experiment 554 
without auxeomycin. 
^Multiple correlation coefficients are .971, .966 and .973 respec­
tively. 
Multiple correlation coefficients are ,834, .798 and .791 respec­
tively. 
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31- 75 lbs. I = 
75-150 lias. T = .406P*°^^C*®^^ 
150-200 lbs. f = .215P'^'^C*®®^ 
In the above intervBl equations, the elasticities for protein, corn 
and the sum of the two, increase at the heavier weights, except for the 
corn coefficient for 150-200 pounds. This indicates that the curvature 
of total time curves is most pronounced at low weights for the reinge of 
experimental observations under consideration. The square root quadratic 
equation rather than the cross-product quadratic fits this logic. It is 
consistent with a limitational effect when low orotein levels are fed, 
and the greatest curvatrire is for small pigs. Accordingly, the equation 
is used to obtain the tine relationships which follow. 
Total time from weaning for multiples of 50-pound feed increments is 
indicated in Table 24 for protein levels from 10 to 20 per cent, when the 
ration contains aureomycin. This table has greater meaning than is read­
ily apparent. It is usual practice to consider feed consximption for a 
given number of days, the reciprocal, total days to consume a given quan­
tity of feed. Total time curves for 12, 14 and 16 per cent protein rations 
are plotted with the esperimental data for the cross-product and square 
root equations in Figures 51, 52 and 53. Similar relationships were 
obtained for the 10, 18 and 20 per cent protein levels, with the square 
root equation generally following the curvature of the experimental data 
more closely than the cross-product equation. 
The days required to consume a pound of feed for 50-pound feed incre­
ments are shown in Table 25. These figures are derived from Table 24 as 
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Table 24. Total time from weaning for rations of 10, I S ,  14, 16, 
18, 80, per cent protein. Experiment 554 with aureomycin and 
equation (C) with square root terms 
Pounds Total days to feed out different quantities of feed 
of with protein levels of: 
feed 10^ 12^ 1456 165^ 18^ 20^ 
50 22.36 19.33 17.86 16.87 16.22 15.81 
100 36.76 32.58 30.31 28.99 28.34 28.19 
150 49.02 43.22 39.32 38.71 38.18 38.39 
200 59.87 52.51 48.89 47.18 46.82 47.46 
250 69.81 60.93 56.70 54.86 54.71 55.81 
300 79.11 68.74 63.92 61.98 62.06 63.65 
350 87.92 76.07 70.70 68.67 69.00 71.10 
400 96.35 83.03 77.12 75.02 75.62 78.24 
450 104.47 89.70 83.25 81.10 81.98 85.13 
500 112.32 96.12 89.14 86.94 88.11 91.81 
550 119.95 102.31 94.82 92.59 94.06 98.31 
600 127.38 108.33 100.33 98.06 99.84 104.66 
650 134.64 114.17 105.66 103.39 105.48 110.87 
700 141.75 119.88 110.88 108.58 110.99 116.95 
750 148.72 125.45 115.97 113.66 116.38 122.93 
800 155.57 130.91 120.94 118.62 121.68 128.82 
Figure 51- Days required to consume Indicated 12 per cent protein feed quantities, 
E^qjerlment 55^ with aureomycln and qufidratlc square root and 
croBB-produot time functions 
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Figure 52. Days required to consume indicated Ih per cent qimnt It lee, Exrierlment 55^ 
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Figure 53. Days required to constime indicated i6 per cent protein feed quant it ieB, 
Experiment 55^ with aureomycln and quadratic square root and 
cross-product time equations 
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th.0 difference in total tine for 50-poTind feed increments divided by 50. 
The 16 per cent protein ration shows the largest feed consumption per day 
regardless of the weight of the pig. While the 20 per cent protein feed 
is less palatable than the 16 per cent at all weights, the difference is 
greater for heavy hogs than for snail pigs. 
Table 25. Days per poiand of feed for rations from 10 to 20 per 
cent protein and 50-pound feed increments 
Pounds Days required to consume one pound of feed for 
of protein levels of: 
feed 12^ 14^ 16^ 1855 
75 .296 .263 .249 .242 .243 .248 
125 .272 .213 .199 .194 .197 .204 
175 .258 .186 .173 .170 .173 .181 
225 .248 .168 .156 .154 .158 .167 
275 .241 .156 .144 .142 .147 .156 
325 .234 .147 .135 .134 .138 .149 
375 .239 .139 .128 .127 .132 .143 
425 .225 .133 .122 .122 .127 .138 
475 .221 .128 .118 .117 .123 .134 
525 .217 .124 .114 .113 .119 .130 
575 .215 .120 .111 .110 .116 .127 
625 .212 .119 .107 .106 .113 .124 
675 .209 .114 .104 .104 .110 .122 
For the 75th pound of feed fed after weaning, the 20 per cent protein 
ration took 3,5 per cent longer to be consumed than the pound of 16 per 
cent ration fed. Jor the 675th pound of feed, it took 17.3 per cent 
longer. Shis is also Irue for lower protein rations—there is a greater 
relative difference in palatability of a ration for heavier pigs than for 
small pigs, when a low protein ration is compared with the 16 per cent 
ration. 
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Days to market and daily rate of gain for protein rations from 10 to 
20 per cent protein and for different weight hogs are indicated in Table 
26. These relationships are derived from interval Cobh-Douglas gain func­
tions for Experiaents 554 and 536 pooled and the quadratic square root 
time function for Experiment 554. ?or feeding a single ration fron ween­
ing to 225 pounds, the 15 per cent protein ration entails the least time; 
Table 26. Total time and daily rate of gain for adding gain between 
34 to 225, 34 to 75, 75 to 150 and 150 to 225-pound hogs® 
Per cent 34-225 lbs. 34-75 lbs. 75-150 lbs. 150-225 lbs. 
protein Days Baily Days Daily Days Daily Days Daily 
gain gain gain gain 
51.0 .80 53.3 1.41 46.1 1.63 
41.0 1.00 46.3 1.62 39.6 1.89 
37.9 1.08 44.3 1.69 37.7 1.99 
34.4 1.19 42.3 1.77 36.0 2.09 
32.5 1.26 41.6 1.80 35.5 2.12 
30.6 1.34 41.5 1.81 35.8 2.10 
30.0 1.38 41.8 1.79 36.4 2.06 
28.8 1.42 43.1 1.74 38.2 1.96 
28.3 1.45 44.2 1.70 39.8 1.88 
27.9 1.47 46.9 1.60 43.6 1.72 
27.8 1.47 48.3 1.55 45.6 1.65 
^Sased on Experiments 554 and 536 pooled Cobb-Douglas interval gain 
functions and Experiment 554 quadratic square root time function 
for rations with aureoaycin. 
107.8 days compared with 150.5 days for a 10 per cent protein ration, and 
121.7 days for a 20 per cent protein ration. SMs is an average daily 
gain of 1.77 pounds per day. For small pigs, the 20 per cent protein 
ration is the fastest, requiring 27.8 days to add 41 pounds on 34-pound 
pigs. This is a daily gain of 1.47 pounds. For hogs from 75 to 150 
pounds, the 15 per cent protein ration is the fastest, requiring 41.5 
10 150.5 1.27 
11 126.9 1.51 
12 119.9 1.59 
13 112.7 1.69 
14 110.6 1.73 
15 107.8 1.77 
16 IC^.O 1.77 
17 110.0 1.74 
18 112.3 1.70 
19 118.4 1.61 
20 121.7 1.57 
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days. Daily gain is 1.80 pounds. For heavier hogs, the 14 per cent pro­
tein ration is fastest, requiring 35.5 days and resulting in a daily gain 
of 2.12 pounds. 
5fabie 26 also shovs another important relationship: for heavier 
hogs, daily gain actually decreases for high protein rations. 3?o add 75 
pounds of gain on 150-pound pigs, ten eztra days are required for a 20 
per cent protein ration, compared with a 14 per cent protein ration. 
Minifflum tiise rations, when computed to tenths of a per cent protein 
level in the ration, instead of to the nearest per cent, are 20.3, 14.8 
and 14.4 for the three weight intervals. This is a further indication 
that the greatest change in time-gain relationships occurs for small pigs. 
This is logical hecause it is considered a nutritionally critical period 
hy nutrition specialists. 
When the overall Cohh-Douglas gain equations are used in place of 
the interval eq^uations, time reqairements are lower for low protein levels 
and small pigs, and higher for low protein levels and heavier hogs. (See 
Tahle 27) Conversely, for high protein levels, time requirements are 
higher for small pigs, and higher for heavier hogs. These results are 
expected, since gain contour relationships for different weight hogs can­
not change with the overall equation. The corresponding average daily 
gain, and daily gain between 50-pound feed increments "based on the overall 
equation, are shown in Tahle 38. In this case, when 600 pounds of feed 
are fed per hog, the 16 per cent protein ration entails the highest rate 
of gain as an aversige from weaning and also for that feed interval. 
Slightly different relationships are obtained con^jared with Table 27 
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lable 27. Days required to put on stated gains for protein 
levels from 10 to 20 per cent 
Per cent Days reaulred to put on stated weight gains 
protein 34-225 lbs. 34~75 lbs. 75-150 lbs. 150-225 lbs. 
ir A B A B A B 
10 150.5 158.6 51.0 44.4 53.3 60.5 46.1 53.7 
11 126.9 129.7 41.0 37.6 46.3 49.6 39.6 42.5 
IS 119.9 121.2 37.9 35.5 44.3 46.4 37.7 39.3 
IS 112.7 112.3 34.4 33.0 42.3 43.0 36.0 36.1 
14 110.6 108.1 32.5 31.7 41.6 41.6 35.5 34.7 
15 107.8 105.0 30.6 30.4 41.5 40.5 35.8 34.0 
16 108.0 104.5 30.0 30.0 41.8 40.5 36.4 34.0 
17 110.0 105.2 28.8 29.5 43.1 40.9 38.2 34.8 
18 112.3 106.6 28.3 29.3 44.2 41.7 39.8 35.6 
19 118.4 110.9 27.9 29.4 46.9 43.3 43.6 38.2 
20 121.7 113.4 27.8 29.6 48.3 44.3 45.6 39.5 
derived froa interval Cobb-Douglas gain ftinctions for Experiments 
536 a.nd 554 pooled and square root quadratic time function Bxperi-
nent 554. 
^Derived from overall Cobb-Douglas gain functions for Esqjeriments 
536 and 554 pooled and square root quadratic time function, Ejqseri-
aent 554. 
Table 28. Dally rate of gain for hogs fed avtreomycin; Experiments 554 and 536®' 
Pounds Average daily gain from v/eaning Average daily gain between 50-pound 
of feed increments 
feed Pounds gained per day with protein level of: Pounds gained per day v/ith protein level of: 
105^ I49S 1656 185^ 20$ 145& 16^ IB^S 20!^ 
50 .82 1.08 1.22 1.31 1.36 1.38 .82 1.08 1.22 1.31 1.36 1.38 
100 .89 1.14 1.28 1.36 1.39 1.38 1.00 1.23 1.37 1.43 1.43 1.38 
150 .94 1.20 1.39 1.43 1.45 1.42 1.08 1.40 1.74 1.64 1.62 1.54 
200 .98 1.26 1.42 1.49 1.50 1.47 1.15 1.52 1.55 1.78 1.74 1.64 
250 1.01 1.31 1.47 1.55 1.55 1.50 1.21 1.61 1.82 1.87 1.83 1.71 
300 1.04 1.35 1.52 1.60 1.59 1.53 1.24 1.68 1.90 1.96 1.90 1.76 
350 1.06 1.39 1.56 1.64 1.63 1.56 1.28 1.74 1.97 2.03 1.96 1.80 
400 1.09 1.42 1.60 1.68 1.66 1.59 1.31 1.79 2.03 2.09 2.00 1.83 
450 1.11 1.45 1.64 1.71 1.69 1.61 1.33 1.83 2.08 2.14 2.04 1.86 
500 I.IP. 1.48 1.67 1.74 1.72 1.63 1.35 1.87 2.13 2.18 2.08 1.89 
550 1.14 1.51 1.70 1.77 1.74 1.65 1.37 1.90 2.17 2.22 2.11 1.91 
600 1.15 1.53 1.73 1.80 1.77 1.66 1.39 1.93 2.21 2.26 2.14 1.92 
650 1.17 1.55 1.76 1.82 1.79 1.68 1.40 1.96 2.24 2.29 2.16 1.94 
700 1.18 1.57 1.78 1.85 1,81 1.69 1.41 1.98 2.28 2.31 2.19 1.95 
^Based on overall Cobb-Douglas gain function and quadratic square root time function with 
aureoraycin. 
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because, by holding potinds of feed per pig constant, the weights of pigs 
vary for different protein levels. 
The plotted average daily gains from weaning for the six protein 
levels are shown in Figure 54. The 12 per cent protein ration, while 
resulting in slower gains than the 16 per cent at all feed levels indi­
cated, becomes more favorable at heavier weight hogs. 
The average daily gains for the 10, 12, 14, and 20 per cent protein 
rations, together with the observations from the two experiments, are 
plotted in Figures 55, 56, 57, and 58. 
These same relationships for Experiment 554 with aureomycin, coi!^)ar-
ing results from the overall quadratic square root and the overall Cobb-
Douglas gain equations (Tables 29 and 30 and Figores 59, 60, 61 and 62), 
show that the Cobb-Douglas equation gives higher daily rates of gain than 
the square root equation for high protein levels. This was expected since 
the overall Cobb-Douglas underestlaates feed requirements for high protein 
levels and heavy hogs, as has been previously indicated. The average 
daily rate of gain curves for protein levels of from 10 to 20 per cent, 
as derived from the overall quadratic square root equation (Figure 63), 
show similar relationships to those derived from the Cobb-Douglas equa­
tions (Figure 54). However, use of the square root equation does result 
in a more level relationship with feed for 18 and 20 per cent protein 
rations. This appears to be more consistent with the experimental data. 
The time required to add stated gains for different protein rations, 
as derived from the overall quadratic square root equations, is indicated 
in Table 31. The protein level in the minimum time ration derived from 
Figure 5k, Relationship "between pounds of feed from weaning and average daily rate of gain from 
weaning Ijaaed on quadratic overall square root time ftmction, Experiment 55^'' aJid 
overall Cob"b-DouglaB gain equations. Experiments 55'^- and 536 pooled for rations 
including aureonycln. 
1.1.1 
uJ ' ; 
< - •  
Cr ^ -
Ljj (•;. 
> CV 
<  L , . .  
,5 
L.. 
2u0 ' >, 
F [; F- D 
4l,:. 
F" RO M 
61 
VVE A-\N![ -j G 
180 
i.6 
? 1-4 
< 
^(.2 
2 1.0 , 
i 
LU I 
< -8 r 
.6 [_ 
5'® 
< 
o 1.6 
>• 
< 
a 
< 
i.O 
100 400 500 
Figure 55. 
200 300 
LBS. FEED 
Helationship between average daily gain from weaning pounds 
of feed consumed per pig from weaning for a 10 per cem: protein 
ration, derived from overall CobTj-Douglas gain function, Bxperi-
aents 536 and 554 with aureomycin and square-root time function, 
Experiment 554 
ioo 200 300 
LBS. FEED 
400 500 
Figure 56. Eelationship "between average daily gain from weaning and pounds 
of feed consumed per pig from weaning for a 12 per cent protein 
ration, derived from overall Co'b'b-Douglas gain function (Bla) 
and square-root tine function, E::Q>eriment 554 
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yigare 58. Helationohip "between arerage daily gain and feed conaimed from 
veaning for a 20 per cent protein ration, derived from overall 
CobTa-Dooglas gain function Experiments 536 and 554 vith aureo-
mycin and square-root time function 
Table 29. Average daily gain from weaning and daily rate of gain as an average between 50-pound 
feed increments. Experiment 554 with aureornycin®' 
Pounds 
of 
feed 
Average daily gain (from weaning) with 
protein level fixed at: 
10^ 125^ 1456 165& 18S^ 205^ 
Daily rate of gain with protein 
fixed at: 
10^ 12^ 14^ I65S 2Qff> 
50 .722 1.065 1.284 1.435 1.528 1.570 .722 1.065 1.284 1.435 1.528 1.570 
100 .869 1.191 1.389 1.499 1.538 1.518 1.098 1.376 1.539 1.588 1.552 1.451 
150 .944 1.278 1.486 1.562 1.571 1.515 1.167 1.542 1.812 1.748 1.667 1.509 
200 .999 1.346 1.538 1.616 1.604 1.522 1.247 1.665 1.753 1.867 1.750 1.550 
250 1.043 1.404 1.596 1.665 1.635 1.531 1.311 1.765 1.963 1.961 1.816 1.582 
300 1.081 1.454 1.648 1.708 1.663 1.540 1.363 1.847 2.056 2.042 1.872 1.608 
350 1.114 1.500 1.695 1.747 1.689 1.550 1.408 1.924 2.137 2.112 1.920 1.630 
400 1.143 1.541 1.738 1.784 1.713 1.559 1.447 1.987 2.209 2.175 1.961 1.650 
450 1.169 1.578 1.777 1.818 1.735 1.568 1.482 2.045 2.274 2.231 1.999 1.667 
500 1.193 1.613 1.814 1.848 1.756 1.576 1.513 2.098 2.334 2.282 2.033 1.682 
550 1.215 1.645 1.849 1.878 1.775 1.584 1.542 2.146 2.389 2.329 2.064 1.696 
600 1.236 1.675 1.881 1.905 1.793 1.592 1.568 2.191 2.440 2.372 2.092 1.709 
650 1.255 1.704 1.912 1.931 1.811 1.599 1.592 2.233 2.487 2.412 2.118 1.721 
700 1.273 1.731 1.941 1.956 1.827 1.606 1.614 2.272 2.531 2.450 2.143 1.731 
750 1.290 1.757 1.969 1.980 1.843 1.612 1.635 2.309 2.573 2.486 2.166 1.741 
800 1.306 1.781 1.995 2.002 1.858 1.619 1.654 2.343 2.613 2.519 2.187 1.751 
^Derived from gain and time overall functions with square root terms. 
Table 30. Average daily gain from weaning and daily rate of gain as an average between 50-pound 
feed incremento. Experiment 554 with aureomycin®' 
Pounds Average daily gain from weaning with Daily rate of gain with protein 
of protein level fixed at: level fixed at: 
feed 105  ^ 125  ^ 145i 165  ^ 18^ 205S 10?5 12^  lAi 16^  1856 20^  
50 .83 1.10 1.26 1.36 1.43 1.45 .83 1.10 1.26 1.36 1.43 .89 
100 .91 1.17 1.33 1.43 1.46 1.46 1.03 1.28 1.44 1.51 1.52 1.47 
150 .96 1.25 1.41 1.50 1.53 1.51 1.11 1.47 1.66 1.73 1.72 1.65 
200 1,00 1.31 1.48 1.57 1.59 1.56 1.19 1.59 1.81 1.99 1.86 1.76 
250 1.04 1.36 1.54 1.63 1.64 1.60 1.25 1.69 1.92 2.00 1.96 1.83 
300 1.07 1.41 1.60 1.68 1.69 1.63 1.29 1.76 2.02 2.09 2.04 1.89 
350 1.09 1.45 1.64 1.73 1.73 1.67 1.33 1.83 2.09 2.17 2.10 1.94 
400 1.12 1.48 1.69 1.77 1.77 1.69 1.36 1.88 2.16 2.23 2.15 1.98 
450 1.14 1.53 1.73 1.81 1.80 1.72 1.39 1.93 S.22 2.29 2.20 2.01 
500 1.16 1.55 1.76 1.85 1.83 1.74 1.41 1.97 2.27 2.34 2.24 2.04 
550 1.18 1.57 1.80 1.88 1.86 1.76 1.43 2.01 2.32 2.38 2.27 2.06 
600 1,19 1.60 1.03 1.91 1.89 1.78 1.44 2.04 2.36 2.42 2.31 2.08 
650 1.30 1.63 1.86 1.94 1.91 1.80 1.46 2.07 2.40 2.46 2.33 2.10 
700 1.22 1.65 1.88 1.97 1.93 1.82 1.47 2.10 2.43 2.49 8.36 2.11 
750 1.23 1.67 1.91 1.99 1.95 1.83 1.48 2.12 2.46 2.52 2.38 2,13 
800 1.24 1.69 1.93 2.01 1.97 1.85 1.50 2.15 S.49 2.55 2.40 2.15 
^Derived from Cobb-Douglaa overall gain and quadratic square root time functions. 
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Jigore 60. fielationship between average daily gain from weaning end poundB 
of 12 per cent protein feed per pig froa weaning, comparing the 
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Figure 62. Relationship hetv^eeE average daily rate of gain from weaning 
and pounds of 20 per cent protein feed per pig from weaning 
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per pig froB weaning for protein levels from 10 to 20 per 
cent and from square root overall gain and time equations for 
with aureomycin Sxperiment 554 
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Table 31. Sine requirements "between weight intei*val8, Experiment 554 
with aureoaycin and quadratic square root tijae and gain 
overall equations 
Per cent Total number of days to put on gains between: 
protein 175-200 150-175 135-150 100-135 75-100 60-75 34-75 34-60 
10 15.85 16.43 10.21 25.22 19.80 13.05 47.14 34.09 
11 12.62 13.19 8.25 20.60 16.42 10.97 38.69 27.72 
12 11.75 12.31 7.72 19.33 15.47 10.36 36.05 25.68 
13 10.95 11.49 7.22 18.11 14.53 9.75 33.05 23.30 
14 10.68 11.21 7.04 17.66 14.15 9.47 31.46 21.99 
15 10.71 11.21 7,02 17,45 13,97 9.29 29.89 20.59 
16 10.92 11.40 7.12 17.73 14.04 9^ 29.31 20.02 
17 11.54 11,99 7.45 18.40 14.39 9.40 28.74 19.34 
18 12.18 12.59 7.79 19.11 14.78 9.56 28.59 19.03 
19 13.76 14.08 8.64 20.89 15.80 10.01 28.77 18.76 
20 14.67 14.96 9.13 31.92 16.39 10.26 29.01 1$,74 
Underlined figures indicate least-time rations. 
188 
the square root gain, and time functions, declines rapidly at first from a 
20 per cent protein ration for pigs from weaning to 60 pounds, to a 16 
per cent protein ration for pigs froH 60 to 75 pounds. After the pigs 
reach 100 pounds, there is only a very gradual change in protein level 
for the least-time ration, reducing to 14 per cent protein for the heavier 
Table 32. Con^jarison of least-time rations derived 
from alternative functions 
Function used®' for deter- Per cent protein for minimum time ration 
mining feed requirements for weight intervals of: 
34-60 60-75 75-100 100-135 135-150 150-225 
Overall Cobh-Douglas gain 
l:Q)eriments 554-536 18 16 15 
Qjzadratic square root 
Experiment 554 20.5 15.5 15.2 14.8 14.4 14.4 
Interval Cobb-Douglas 
Esperiments 554-536 20.3 14.8 14.4 
®"A11 three sets of estimates are "based on square root quadratic time 
function. The quadratic square root and the interval Cobh-Douglas 
estimates were made to the nearest tenths of a per cent protein and 
the overall Cohh-Douglas estimates were made to the nearest per cent. 
weights (see Tahle 31). When cossputed to tenths of a per cent protein, 
the least-tiae ration derived from the square root gain function (554) and 
the interval Cohb-Douglas gain function (Esperiments 536 and 554) show 
very similar results (see "ahle 32). In each case, the per cent protein 
declines rapidly for small pigs and, as heavier weights are attained, 
changes in protein level are slight. 
189 
BBL&$IOHSHIPS Bi3T¥EES LEAS2-C0ST MD LlAST-SEffl BATIOBS 
AHD OPTIHDM MSKSSISQ WSIGEP 
As long as protein is more e^ensi-ve than corn, one would not feed 
Eore protein than that which would maximize daily rate of gain, or less 
protein than that which would minimize feed costs.^ This is the shaded 
area of Pigore 64 where the left hand extreiBity of the shaded area is the 
least-cost ration when the price ratio is three to one, and the right 
hand margin is the least-time ration. She heavy dashed line within the 
shaded area is the least-cost ration when the price ratio is one to one. 
These two price ratios are the approxinate extremes over the past 16 years 
and can therefore, along with the least-time ration, he considered as 
limits. 
These limits of least-cost for a price ratio of 3/1 and the least-
time ration are 13,9 to 20.3 per cent protein for pigs from weaning to 75 
pounds; 10.4 to 14,8 per cent protein for pigs from 75 to 150 pounds, and 
from 9.5 to 14.4 for hogs from 150 to 225 pounds, ffor a price ratio of 
l/l, the limits are 21.0 to 20.3; 13.0 to 14.8, and 11.8 to 14.4 respec­
tively. For small pigs the least-time ration falls within the limits of 
the three to one and one to one least-cost ration "botindary; hut for inter­
mediate weights, the least-time ration has more protein than a least-cost 
ration with a price ratio of l/l; and for the heavier hogs, the difference 
is still greater. Thus it appears that there is a greater conflict 
^An exception occurs when protein is low in price relative to com, 
so that the least-cost ration for small pigs is hi^er in protein than the 
least-time ration. In this case, one would not feed more protein than 
that which will minimize costs or less protein than that which is least-
time . 
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Figure 64. Limits for optimum protein-corn combinations based on least-
cost ration for price ratios of 3 to 1 and 1 to 1 and least-
time ration, Szperiments 554 and 536 with, atireoaycin 
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between low cost and quick gains for heavy hogs than for small pigs. 
The choice of ration between the two limits of least-cost and least-
time depends on many factors. In some cases, it is desirable to include 
enough protein in the ration to speed up daily rate of gain so that the 
hogs will be on the market before prices decline. 5?his will be profitable 
if the added returns from a higher ceiling price are greater than the 
extra feed costs. At other times, it may be desirable to keep feed costs 
as low as possible even though it takes longer to get the hogs on the 
market. This might be the case if price declines are apt to be moderate 
or if the price is likely to increase. Some farmers try to speed up hog 
gains so that fall pigs will be out of the way; buildings and equipment 
can be used for spring pigs, and chore labor will be reduced. Again, 
this will be profitable if the extra feed costs are less than the bene­
fits. Some farmers give considerable weight to the extra price uncer­
tainty associated with a longer feeding period, when prices can be predicted 
less accurately the longer the period. At times it is desirable to get all 
the money back from hogs so that it can be used for other puiposes. These 
are but a few of the many factors which need to be considered in choosing 
the combination of corn and soybean oilmeal supplement between the least-
cost and least-time limits. 
Determining Profitable Bations and Methods of Presentation 
In Table 33, least-cost rations and days required to add stated gains 
are computed for price ratios from 1.0 to 4.0, and for the three weight 
intervals. The current price ratio is found in the extreme left-hand 
> 
Table 33, Least-cost ration and days req^uired to add gains from 34 to 75, 75 to 150, 150 to 225 
pounds and. total feed and time requirements for pigs from 
weaning to 225 pounds 
Price Gain from Gain from Gain from Gain from 34-225 lbs. Corn value Difference, 
ratio 34-75 lbs. 75-1501b8. 150-225 lbs. Feed and days required equivalent least-•cost & 
oer vi-R per pi/e least 1-time 
i  i  i  Lbs. Lbs. Lbs. Least- Least- Days Corn 
pro­ Days pro­ Days pro­ Lays corn SBOM feed Days cost time value 
tein tein tein rat ion I'ation equiv. 
Least-•cost ration 
- t  
1.0 21.0 27.9 13.9 41.7 11.8 38.2 547.8 103.5 678.4 107.8 651 659 3.2 8 
1.1 20.3 27.8 13.4 42.0 11.5 39.0 555.7 96.0 678.7 108.8 661 672 4.2 11 
1.2 19.6 27.9 13.1 42.4 11.2 39.7 563.0 89.5 679.8 110.0 670 685 5.4 15 
1.3 19.0 28.0 12.7 42.8 11.0 40.5 569.8 84.1 681.1 111.3 679 698 6.7 19 
1.4 18.4 28.2 12.5 43.3 10.8 41.2 576.3 79.2 682.9 112.7 687 711 8.1 24 
1.5 17.9 28.4 12.2 43.8 10.7 41.9 582.4 75.1 684.9 114.1 695 724 9.5 29 
1.6 17.5 28.6 12.0 44.2 10.6 42.6 589.1 71.4 687.0 115.4 703 737 10.8 34 
1.7 17.1 28.9 11.8 44.7 10.4 43.2 593.7 68.0 689.2 116.8 709 750 12.2 41 
1.8 16.7 29.1 11.6 45.2 10.3 43.8 598.9 65.0 691.6 118.1 716 764 13.5 48 
1.9 16.4 29.4 11,5 45.7 10.2 44.4 603.8 62.3 693.9 119.5 722 777 14.9 55 
3.0 16.0 29.7 11.3 46.2 10.1 45.0 608.7 59.9 696.4 120.9 729 790 16.3 61 
2.1 15.8 30.0 11.2 46.6 10.0 45.5 613.2 57.6 698.8 122.1 734 803 17.5 69 
2.3 15.5 30.3 11,1 47.1 10.0 46.1 617.8 55.6 701.3 123.5 740 816 18,9 76 
2.3 15.2 30.6 11.0 47.6 9.9 46.6 621.0 53.6 703.8 124.8 744 829 20.2 85 
2.4 15.0 30.9 10.9 48.0 9.8 47.0 626.0 51.9 706.2 125.9 751 842 21.3 91 
3.5 14.8 31.2 10.8 48.4 9.8 47.5 630.1 50.2 708.7 127.1 756 856 22.5 100 
2.6 14.6 31.5 10.7 48.9 9.7 48.0 634.0 48.7 711.2 128.4 761 869 23.8 108 
2.7 14.4 31.8 10.6 49.3 9.7 48.4 637.8 47.4 713.6 129.5 766 882 24.9 116 2.8 14.2 32.1 10.5 49.7 9.6 48.8 641.6 45.9 716.1 130.6 770 895 26.0 125 2.9 14.0 32.5 10.4 50.1 9.6 49.2 644.9 44.8 718.5 131.8 775 908 27.2 133 
3.0 13.9 32.8 10.4 50.5 9.5 49.6 648.3 43.6 720.8 132.9 779 991 28.3 142 3,1 13.7 33.1 10.3 50.9 9.5 50.0 651.7 42.4 723.0 134.0 783 934 29.4 151 
Table 33 (Continued) 
Price 
ratio 
Gain 
34-75 
from 
lbs. 
Gain from 
75-150 IbB. 
Gain from 
150-225 lbs. 
Gain from 34-225 IbB. 
Feed and days required 
uer Die 
Corn value 
equivalent 
tier Bic 
Difference, 
least-cost & 
least-time 
pro­
tein 
Days 
i 
pro­
tein 
Days pro- Days 
tein 
Lbs. 
corn 
Lbs. Lbs. 
SOBM feed Days 
Least-
cost 
ration 
Least-
time 
ration 
Days Corn 
value 
equiv. 
3.2 
3.5 
4.0 
13.6 
13.2 
12.7 
33.4 
34.2 
35.7 
10,3 
10.1 
10.0 
51.2 
52.3 
53.9 
9.5 50.4 
9.4 51.5 
9.3 53.1 
655.0 
664.4 
678.7 
41.4 725.5 135.0 
38.6 732.3 138.0 
34.8 743.2 142.7 
787 
800 
816 
947 
987 
1052 
30.4 
33.4 
38.1 
160 
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236 
Least-tiiae ration 
-
20.3 27.8 14,8 41.4 14.4 35.4 527.2 131.3 685.9 104.6 - - - -
19^  
colunm, and per cent protein and days required for least-time rations are 
found in the other coltimns. If the price of 45 per cent soyTjean oilmeal 
is quoted per hundredwei^t and the price of com per "bushel, the price 
ratio is SiS per bS? soybean oilmeal is quoted per 
ton, the price ratio is S30M per ton ^ jf soybean oilmeal 
Price corn per bu. x 35•? 
is 6 dollars per hundredweight while com is one dollar and sizty-eight 
cents per 'bushel, the price ratio is 6.00/(1.68 x 1.79) - 2.0. For a 
price ratio of 2/l a 16.0—11.3—10.1 per cent protein ration for the three 
weight intervals will minimize feed costs. It will take 121 days to 
obtain 225-pound hogs using 6l pounds of soybean oilmeal and 609 pounds 
of corn. The least-time ration would be 20.3, 1^.8 and per cent 
protein, and would take I05 days to get the hogs to 225 pounds. The 
least-cost ration would take I6.3 days longer than the least-time ration. 
The last three columns are provided to make it easier to compute the cost 
per 100 potmds of gain. Cora value equivalent means that this amount of 
corn is equal in value to the cost of corn plus the cost of soybean oil­
meal to add that amount of gain for the stated price ratio. For a price 
ratio of 2.0, the least-cost ration costs 728.5 pounds of com (valxie 
equivalent), or 728.5 tiBes the price of corn per pound. The least-time 
ration costs 789.8 pounds of corn or 6I.3 pounds of com more than the 
cost of the least-cost ration. The decision of which of the two rations 
to feed depends on whether the 16.3 days earlier marketing date is worth 
61.3 pounds of corn. 
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The next three tables (34, 35 and 36) include greater detail about 
the least-cost and least-time rations for each of the three weight inter­
vals. They include the ratio of corn to soybean oilaeal for each ration 
as an aid in feeding the ration, also, the feed quantities per pig and 
per 100 pounds of gain. 
The least-cost ration for the weight range of 34 to 75 pounds and 
for a price ratio of 2, uses 15.1 pounds nore com and 10.3 pounds less 
soybean oilaeal than the least-time ration. This amounts to a 16.5 cents 
difference in the cost per pig for a 1.9 day shorter feeding period when 
corn is 3 cents and soybean oilmeal is 6 cents per pound. For the 75 to 
150 pound weight range, 31,2 pounds more corn and 24.7 less pounds of 
soybean oilraeal are used, which is 54.6 cents cheaper for a feeding period 
4.8 days longer. Similarly, for the 150 to 225 pound range, 35 pounds 
aore corn and 36.5 pounds less soybean oilmeal result in one dollar and 
foxzrteen cents lower cost and 9.6 added days. 
Considering the difference in cost and time for these two rations, 
the average cost of getting the pigs on the market a day earlier is 9 
cents for the 34 to 75 pound interval, 11 cents for the 75 to 150 pound 
interval, and 12 cents for the 150 to 225 pound pigs. This indicates, as 
does Figure 64, that there is less conflict between low cost and maximum 
daily rate of gain for small pigs than for heavier pigs. Given uncertainty 
in price relationships, flexibility between low-cost gains and quick gains 
can be obtained at miniaum loss by feeding least-time protein levels to 
the small pigs, delaying the final decision until later. At the final 
stages of production presumably price relationships are more easily 
Table 3^' Feed com'blnations, and time required to ©"btain gains from 3^ to 75-pound pigs 
Price $ Ratio of Days Feed quantities Peed qviantltles Corn value Difference be-
ratlo pro- corn to froia 3^ per pig, 3^73 per 100 pounds equlv. per tv/een least-oast 
teln soybean to 75 pounds gain of gain 100 lbs, aaln and least-time 
ollmeal pounds Lbs. Lbe. Lbs. Lbs. Lbs. Lbs. Least Least Corn Days 
corn SBOM feed corn SBOM feed cost time va],ue 
eciulv. 
Least-cost ration 
1.0 21.0 1.8 27.9 61.4 34.2 100 150 83.4 243 233 233 0 .1 
1.1 20.3 2.0 27.8 63.5 32.2 100 155 78.4 2h3 241 24l 0 .0 
1.2 19.6 2.2 27.9 65.5 30.4 100 160 74.2 244 249 249 0 .1 
1.3 19.0 2.3 28.0 67.4 28.9 100 164 70.5 245 256 257 1 .2 
l.^i- 18.4 2.5 28.2 69.2 27.5 101 169 67.2 246 263 265 2 .4 
1.5 17.9 2.7 28.4 70.9 26.4 101 173 64.3 247 269 273 4 .6 
1.6 17.5 2.9 28.6 72.6 25.3 102 177 61.7 249 276 280 4 .8 
1.7 17.1 3.1 28.9 74.2 24.3 103 181 59.3 250 282 288 6 1.1 
1.8 16.7 3.2 29.1 75.7 23.4 103 185 57.2 252 288 296 8 1.3 
1.9 16.4 3.4 29.4 77.2 22.6 104 188 55.2 25/^ 293 304 11 1.7 
2.0 16.0 3.6 29.7 78.6 21.9 105 192 53.4 255 299 312 13 1.9 
2.1 15.8 3.8 30.0 80.0 21.2 105 195 51.8 257 304 320 16 2.2 
2.2 15.5 3.9 30.3 81.4 20.6 106 198 50.3 259 309 327 18 2.5 
2.3 15.2 4.1 30.6 82.7 20.0 107 202 48.8 261 314 335 21 2.8 
2.4 15.0 4.3 30.9 83.9 19.5 108 205 47.5 263 319 343 24 3.1 
2.5 14.8 4.5 31.2 85.2 19.0 108 208 i|6.3 265 323 351 28 3.4 
2.6 14.6 4.7 31.5 86.4 18.5 109 211 45.1 266 328 359 31 3.7 
2.7 14.4 4.8 31.8 87.6 18.1 110 214 'J4.1 268 333 367 34 4.0 
2.8 14.2 5.0 32.1 88.7 17.6 111 216 43.0 271 336 375 39 4.3 
2.9 14.0 5.2 32.5 89.8 17.3 112 219 42.1 272 341 382 41 4.7 
3.0 13.9 5.4 32.8 90.9 16.9 112 222 41.2 274 345 390 /,.5 5.0 
3.1 13.7 5.6 33.1 92.0 16.5 113 224 40.3 276 3/.1.9 398 49 5-3 
3.2 13.6 5.7 33.4 93.0 16.2 114 227 39.5 278 353 4o6 53 5.6 
3.5 13.2 6.3 34.2 96.1 15.3 116 234 37.3 283 365 429 64 6.4 
4.0 12.7 7.2 35.7 100.8 14.0 120 246 34.2 292 3b3 469 86 7.9 
Least-time ration 
- 20.3 2.0 27.8 63.5 32.2 100 155 78.4 243 - - - -
Table 35. i'rotein level, feed combinations, and time required to obtain gaimi 
from 7 5  to 150-pound hogs 
Ratio of Days to Peed quantities Feed quantities Corn value Difforence be-
Price pro­ corn to obtain per pig, 75 to per 100 poimds equlv. per ween least-cost 
ratio tein soybean gain 150 oound8_«aln of gain 100 lb s. gain and least-time 
oilraeal from 75 Lbs. Lbs. Lbs. Lbs. Lbs. Lbs. Least Least Corn Days 
to 150 corn SBOM feed corn SBOM feed cost time value 
nounds eouiv • 
Least-cost ration 
1.0 13.9 5.4 41.7 218.0 40.4 269 290.7 53.9 359 345 345 0 0.3 
1.1 13.4 5.9 42.0 221.3 37.3 269 295.1 49.7 359 350 351 1 0.6 
1 . 2  13.1 6.5 42.4 224.3 34.6 270 299.1 46.2 360 355 357 2 1.0 
1.3 12.7 7.0 42.8 227.1 32.4 270 302.9 43.2 360 359 364 5 1.4 
1.4 12.5 7.6 43.3 329.8 30.4 271 306.4 40.5 361 363 370 7 1.9 
1.5 12.2 8.1 43.8 232.3 28.7 272 309.7 38.2 362 367 376 9 2.4 
1.6 12.0 8.6 44.2 234.6 27.2 273 312.8 36.2 364 371 382 11 2.8 
1.7 11.8 9.2 44.7 236.9 25.8 274 315.8 34.4 365 374 389 15 3.3 
1.8 11.6 9.7 45.2 239.0 24.6 275 318.7 38.8 366 378 395 17 3.8 
1.9 11.5 10.3 45.7 241.0 23.5 276 321.4 31.3 367 381 401 20 4.3 
2.0 11.3 10.8 46.2 243.0 22.5 277 324.0 30.0 369 384 408 24 4.8 
8.1 11.2 11.3 46.6 244.8 21.6 278 326.4 28.8 370 387 414 27 5.2 
2.2 11.1 11,9 47.1 246.6 20.8 279 328.8 27.7 371 390 420 30 5.7 
2.S 11.0 12.4 47.6 240.3 20.0 280 331.1 26.7 373 392 426 34 6.2 
2.4 10.9 13.0 48.0 249.9 19.3 280 333.2 25.7 374 395 433 38 6.6 
2.5 10.8 13.5 48.4 251.5 18.6 281 335.4 24.9 375 397 439 42 7.0 
2.6 10.7 14.0 48.9 253.1 18.0 282 337.5 24.0 377 400 445 45 7.5 
2.7 10.6 14.6 49.3 254.6 17.5 283 339.5 23.3 378 402 452 50 7.9 
2.8 10.5 15.1 49.7 256.1 16.9 284 341.4 22.6 379 405 458 53 8.3 
2.9 10.4 15.7 50.1 257.5 16.4 285 343.3 21.9 380 407 464 57 8.7 
S.O 10.4 16.3 50.5 258.8 16.0 286 345.1 21.3 382 409 470 61 9.1 
3.1 10.3 16.7 50.9 260.2 15.5 287 346.9 20.7 383 412 477 65 9.5 
3.2 10.3 17.3 51.2 261.5 15.1 288 348.6 20.2 384 413 483 70 9.8 
3.5 10.1 18,9 52.3 965.2 14.0 291 353.5 18.7 ;?88 419 502 83 10.9 
4.0 10.0 21.6 53.9 270.8 12.5 295 361.0 16.7 394 428 533 105 12.5 
Least-time ration 
— 
14.8 4.5 41.4 211.8 47.2 •- 282.0 62.8 - - - - -
Table 36. Protein level, feed combinations, and time required to obtain gains 
from 150 to 225-pound hogs 
Per Eatio of 
Price cent corn to 
ratio pro- soybean 
tein oilraeal 
Days to 
obtain 
gain 
from 150 Lbs. 
to 225 corn 
Feed quantities 
per pig, 150 to 
225 pounds gain 
Lbs. Lbs. 
SflOM feed 
Feed quantities 
per 100 pounds 
of gain 
Lbs. 
corn 
Lbs. 
SB(»4 
Lbs. 
feed 
Corn value 
equiv. per 
100 lbs, gain 
Least Least 
cost time 
Difference be-
ween least-cost 
and least-time 
Corn 
value 
Days 
Least-cost ration 
1.0 11.8 9.3 38.2 268.4 28.9 308,7 359 38.5 413 396 405 9 2.8 
1.1 11.5 10.2 39.0 270.9 26.5 309.8 361 35.4 413 400 412 12 3.6 
1.2 11.2 11.1 39.7 273.2 24.5 310.1 364 32.7 413 403 419 16 4.3 
1.3 11.0 12.1 40.5 275.3 22.8 310.5 367 30.4 414 407 426 19 5.1 
1.4 10.8 13.0 41.2 277.3 21.3 311.1 370 28.4 415 410 433 23 5.8 
1.5 10.7 13.9 41.9 279.2 20.0 311.7 372 26.7 416 412 440 28 6.5 
1.6 10.6 14.9 42.6 280.9 18.9 312.3 375 25.2 416 415 447 32 7.2 
1.7 10.4 15.8 43.2 282.6 17.9 313.0 377 23.9 417 417 454 37 7.8 
1.8 10.3 16.7 43.8 284.2 17.0 313.7 379 22.7 418 420 461 41 8.4 
1.9 10.2 17.6 44.4 285.6 16.2 314.4 ^1 21,6 419 422 468 46 9.0 
2.0 10.1 18.6 45.0 287.1 15.5 315.2 :383 20,6 420 424 475 51 9.6 
2.1 10.0 19.5 45.5 288.4 14.8 315.8 385 19.7 421 426 482 56 10.1 
2.2 10.0 20.4 46.1 289.8 14.2 316.6 386 18,9 422 428 488 60 10.7 
2.3 9.9 21.4 46.6 291.0 13.6 317.3 388 18,2 423 430 495 65 11.2 
2.4 9.8 22.3 47.0 292.2 13.1 318.1 390 17,5 424 432 502 70 11.6 
2.5 9.8 23.2 47.5 293.4 12.6 318.8 392 16,9 425 433 509 76 12.1 
2 , 6  9.7 34.1 48.0 294,5 12.8 319,5 393 16.3 426 435 516 81 12.6 
2.7 9.7 25.1 48.4 295.6 11.8 320,2 394 15.7 427 437 523 86 13.0 
2.8 9.6 26.0 48.8 296.8 11.4 320.9 395 15.2 428 438 530 92 13.4 
2.9 9.6 26.9 49.2 297.6 11.1 321,6 397 14.7 429 440 537 97 13.8 
3.0 9.5 27.9 49.6 298.6 10.7 322.2 398 14.3 430 441 544 103 14.2 
3.1 9.5 28.8 50.0 299.5 10.4 322,8 399 13.9 430 442 551 109 14.6 
3.2 9.5 29.7 50.4 300.5 10.1 323.6 401 13.5 431 444 558 114 15.0 
3.5 9.4 32.5 51.5 303.1 9.3 325.5 404 12.4 434 448 579 131 16.1 4.0 9.3 37.1 53.1 307.1 8.3 328,5 409 11.0 438 454 613 159 17.7 
Least-time ration 
- 14.4 4.8 35.4 251.9 52.0 
- 336 69.3 
- -
-
- -
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ascertained as supply and denand information is projected a shorter period 
into the future. 
As a further step in providing the data for making decisions, TaMes 
37 aad 38 show the added cost of alternative rations to the least-cost 
ration. Tahle 37 shows this added cost in terms of the equivalent pounds 
of additional corn required. Instead of measuring the added cost in 
dollars, it is measured in pounds of corn. It is the nuiaber of poiinds of 
com which is equal in value to the net increase in corn and soybean oil-
meal required for this ration, compared with the least-cost ration. The 
increase in dollar cost for this ration is the amount of pounds of corn 
equivalent in value to the difference in feed, times the price of com. 
In Tahle 38, corn le asstimed to he worth one dollar and sixty-eight 
cents a hushel or three dollara per hundred pounds, and the added cost is 
measTired in dollars. 
liJhile the ezperinental procedores underlying the analysis of the data 
are complex, the resulting data can "be simply presented for extension use. 
Three devices which may he useful for extension use are shown in Figures 
65, 66 and 67. The first is a simple clock. If the hand is set at the 
appropriate price ratio, the other end points to the ration which will 
minimize feed cost. A more complete attempt at the same thing is shown 
in Figure 66. If the "wheel" is set at the appropriate price ratio, the 
least-cost ration, cost of 100 pounds of gain, daily rate of gain and days 
required to add the gain interval are pointed out. A separate wheel 
shows optimum marketing weight. 
Table 37. Total cost and added costs over least-cost ration in terms of corn value equivalents 
(quantity of corn equal in value to the corn and soybean ollmeal to^jether) 
34-75 pounds gain 76-150 pounds gala 
Price Corn value equivalent for rations of Corn value equivalent for rations of 
ratio Least 10^^ 12^^ 14^ 16515 18^ 20$^ Least loj?^ 12^ 14^^ 16^1 20^ 
cost cost 
Total corn value equivalent 
1.0 233 376 294 262 246 237 234 345 376 349 345 348 358 372 
1.3 256 381 303 274 262 257 257 359 381 360 361 371 387 409 
1.6 276 386 312 287 277 276 280 371 386 371 378 394 416 445 
1.9 293 391 321 299 293 295 303 381 391 381 394 416 446 482 
2.2 309 396 330 312 309 315 326 390 397 392 411 439 475 519 
2.5 323 402 339 324 325 334 349 397 402 403 427 461 504 556 
2.8 337 407 348 337 341 354 372 405 407 414 443 484 534 592 
3.1 349 412 357 349 357 373 395 411 412 425 460 507 563 629 
3.5 364 417 366 366 378 399 426 419 419 439 482 537 602 678 
Het value equivalent over least-cost ration 
1.0 0 142 60 28 13 3 0 0 31 5 0 4 13 27 
1.3 0 125 47 18 6 1 1 0 22 1 2 12 28 50 
1.6 0 110 36 11 2 0 4 0 15 1 7 23 46 75 
1.9 0 98 28 6 0 2 9 0 11 1 13 35 65 101 
2.2 0 87 21 3 0 6 17 0 7 3 21 49 85 129 
2.5 0 78 15 1 2 11 25 0 4 6 30 64 107 158 
2.8 0 70 11 0 4 17 35 0 2 9 39 59 130 188 
3.1 0 63 8 0 8 24 45 0 0 14 50 96 152 218 
3.5 0 42 1 1 14 34 61 0 0 20 63 118 183 259 
(Table 37 Continued) 
150-835 pounds gain 
Price Corn value equivalent for ratlona of 
ratio Least 10^ 12^ 14^ 16^ 18^i ^ 
cost 
Total corn value eculvalent 
1.0 396 405 396 403 417 436 460 
1.3 407 411 409 482 444 471 506 
1.6 415 417 421 441 471 507 551 
1.9 422 422 433 461 498 543 596 
2.2 428 428 445 480 525 578 642 
2.5 433 433 458 499 552 614 687 
8.8 438 439 470 519 579 649 732 
3.1 444 445 482 538 606 685 778 
3.5 448 450 498 564 642 733 838 
Net value equivalent over leaat-coBt ration 
1.0 0 9 0 7 20 39 64 
1.3 0 4 2 16 37 65 99 
1.6 0 2 6 27 56 92 136 
1.9 0 0 11 39 76 121 174 
2.2 0 0 17 52 97 150 214 
2.5 0 0 24 66 118 181 254 
2.8 0 1 32 81 141 211 294 
3.1 0 1 38 92 162 241 334 
3.5 0 3 51 116 194 285 391 
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Table 38. Extra cost of rations from 10 to 20 per cent protein 
over least-cost ration for stated price ratios when corn 
is 3 cents per pound (§1.68 a "bushel) ®-
Price Extra cost of ration over least-cost ration when 
ratio corn is 3 cents per pound for protein levels of 
1055 12  ^ I45S 16  ^ 18  ^ 20  ^
1.0 .27 .00 .21 .60 1.17 1.92 
1.3 .12 .06 .48 1.11 1.95 2.97 
1.6 .06 .18 
H
 
00 
•
 1.68 2,76 4.08 
1.9 
0
 
0
 • .33 1.17 2.28 3.63 5.23 
2.2 .00 .51 1.56 2.91 4.50 6.42 
2.5 .00 .72 1.98 3.54 5.43 7.62 
2.8 ,03 .96 2.43 4.23 6.33 8.82 
3.1 .03 1.14 2.75 4.85 7.22 10.00 
3.6 .09 1.53 3.48 5.82 8.55 11.73 
a 
Added cost per 100 pcunds gain in addiisg weight l)etween I50 and 225 pounds. 
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Figure 65. Least-coet ration for 60 and 175 pound pigs. 
Experiment 536 with aoreomycin 
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Figure 66. Slide rule "wheel" designed to present research results based on Experiments 536 
and 554 with aureomycin (cost of mineral, vitamins and antibiotic not included) 
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Figure 67. Homograph to find feed cost per 100 pounds of gain 
for pigs fron 175 to 225 pounds (cost of mineral, 
•itaains and antibiotic not included), based on 
Experiments 536 find 554 vith aureomycin 
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The third approach is a nomograph. Nomographs can he used to add, 
subtract, multiply or divide. In a simple two-factor case, they can give 
an approximate solution to an equation in one step. In Figure 67, the 
nomograph is used for computing the cost of 100 pounds of gain for 150 to 
225-pound hogs. 
Most Profitable Marketing Weight 
When hogs reach a vreight of 175 pounds the farmer has tue choice of 
putting them on the market now or of holding them tmtil they are heavier. 
It will be profitable to hold them if the total value \.nich could be 
obtained now, plus the costs of feed, labor, interest, risk and something 
for profit, can be regained later. The price per hundredweight needed to 
cover present value plus feed costs is shown in Table 39 for adding 25 
pounds of gain on 175-pound hogs. The corresponding figures for adding 
25 pounds of gain on 200-pound hogs are shown in Table 40. In the extreme 
left-hand column, the appropriate price of 100 pounds of feed is matched 
against the present price of hogs at the top of the table. Suppose that 
the farmer is going to feed a ration in which there are 4 pounds of min­
eral for every 100 pounds of feed. First he needs the pounds of corn and 
soybean oilneal in 100 pounds of feed. This is obtained as follows: 
Lbs. SBOM per 100 lbs. feed = Lbs, corn + lbs. SBCM ^ 
Eatio of lbs. corn to lbs. SBCM + 1,0 
In this case there are 4 pounds of nineral so that there are 96 
pounds of corn plus soybean oilmeal in 100 pounds of feed. Lbs. SBOM per 
100 lbs. feed = 96 = 32. There are 64 pounds of corn (2 to 1 ratio 
2 + 1  
Table 39. Necessary selling price to permit the feeder to break even in putting 2b pounds 
additional weight on hogs weighing 175 pounds 
Price of 
feed now 
(f per 100 
pounds) 
Price of hogs per hundred pounds, now (dollars) 
8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30,00 
Feed cost 
per 100 
pounds 
gain 
For a 10^ protein i-ation 
5.00 9 .68 11.43 13.18 14.93 16.68 18 .43 20.18 21.93 23.68 25.43 27.18 28 .93 21.42 
4.80 9 .57 11.32 13.07 14.82 16.57 18 .32 20.07 21.82 23.57 25.32 27.07 28 .82 20.56 
4.60 9 .46 11.21 12.96 14.71 16.46 18 .21 19.96 21.71 23.46 25.21 25.96 28 .71 19.71 
4.40 9 .36 11.11 12.86 14.61 16.36 18 .11 19.86 21.61 23.36 25.11 26.86 28 .61 18.85 
4.20 9 .25 11.00 12.75 14.50 16.25 18 .00 19.75 21.50 23.25 25.00 26.76 28 .50 17.99 
4.00 9 .14 10.89 12.64 14.39 16.14 17 .89 19.64 21.39 23.14 24.89 26.64 28 .39 17.14 
3.80 9 .03 10.78 12.53 14.28 16.03 17 .78 19.53 21.28 23.03 24.78 26.53 28 .28 16.28 
3.60 8 .93 10.68 12.43 14.18 15.93 17 .68 19,43 21.18 22.93 24.68 26.43 28 .18 15.42 
3.40 8 .82 10.57 12.32 14.07 15.82 17 .57 19.32 21.07 22.82 24.57 26.32 28 .07 14.57 
3.20 8 .71 10.46 12.21 13.96 15.71 17 .46 19.21 20.96 22.71 24.46 26.21 27 .96 13.71 
3.00 8 .61 10.36 12.11 13.86 15.61 17 .36 19.11 20.86 22.61 24.36 26.11 27 .86 12.85 
2.80 8 .50 10.25 12.00 13.75 15.50 17 .25 19.00 20.75 22.50 24.25 26.00 27 .75 12.00 
2.60 8 .39 10.14 11.89 13.64 15.39 17 .14 18.89 20.64 22.39 24.14 25.89 27 .64 11.14 
2.40 8 .29 10.03 11.79 13.54 15.29 17 .04 18.79 20.54 22.29 24.04 25.79 27 .54 10.28 
2.20 8 .18 9.93 11.68 13.43 15.18 16 .93 18.68 20.43 22.18 23.93 25.68 27 .43 9.42 
2.00 8 .07 9.82 11.57 13.32 15.07 16 .82 18.57 20.32 22.07 23.82 25.57 27 .32 8.57 
For a 12^ protein ration 
5.00 9 .62 11.37 13.12 14.87 16.62 18.37 20.12 21.87 23.62 25.37 27.12 28 .87 20.95 
4.80 9 .51 11.26 13.01 14.76 16.51 18.26 20.01 21.76 23.51 25.26 27.01 28 .76 . 20.11 
4.60 9 .41 11.16 12,91 14.66 16.41 18.16 19.91 21.66 23.41 25.16 26.91 28 .66 19.27 
4.40 9 .30 11.05 12.80 14.55 16.30 18.05 19,80 21.55 23.30 25.05 26.80 28 .55 18.43 
4.20 9 .20 10.95 12.70 14.45 16.20 17.95 19,70 21.45 23.20 24.95 26.70 28 .45 17.60 
4.00 9 .09 10.84 12.59 14.34 16.09 17.84 19.59 21.34 23.09 24.84 26.59 28 .34 16.76 
3.80 8 .99 10.74 12.49 14.24 15.99 17.74 19.49 21.24 22.99 24.74 26.49 28 .24 15.92 
3.60 8 .89 10,64 12.39 14.14 15.89 17.64 19,39 21.14 22.89 24.64 26.39 28 .14 15.08 
3.40 8 .78 10.53 12.28 14.03 15.78 17.53 19.28 21.03 22.78 24.53 26.38 28 .03 14.24 
3.20 8 .68 10.43 12.18 13.93 15.68 17.43 19.18 20.93 22.68 24.43 26.18 27 .93 13.41 
3.00 8 .57 10.38 12.07 13.82 15.57 17.32 19.07 20.82 82.57 24.32 26.07 27 .82 12.57 
2.80 8 .47 10.22 11.97 13.72 15.47 17.22 18.97 20.72 22.47 24.22 25.97 27 .72 11.73 
2.60 8 .36 10.11 11.86 13.61 15.36 17.11 18.86 20.61 82.36 24.11 25.86 2? .61 10.89 
2.40 8 .26 10.01 11.76 13.51 15.26 17.01 18.76 20.51 22.26 24.01 25.76 27 .51 10.05 
2.20 8 .15 9.90 11.65 13.40 15.15 16.90 18.65 20.40 22.15 23.90 25.65 27 .40 9.22 
2.00 8 .05 9.80 11.55 13.30 15.05 16.80 18,55 20.20 22.05 23.80 25.55 27 .30 8.38 
For a 14"^ Tjroteln ration 
5.00 q .fiR n A^ 1 f* 1 c 1 a ql 1 c cc -
M O 
-a 

3.60 
W 
8 
• i/ 
.89 
.bW • 1 -s 
10,64 12.39 
lik « 
14.14 
3.40 8 .78 10.53 12.28 14.03 
3.20 8 .68 10.43 12.18 13.93 
3.00 8 .57 10.32 12.07 13.82 
2.80 8 .47 10.22 11.97 13.72 
2.60 8 .36 10.11 11.86 13.61 
2.40 8 .26 10.01 11.76 13.51 
2.20 8 .15 9.90 11.65 13.40 
2.00 8 .05 9.80 11.55 13.30 
15.89 
15.78 
15.68 
15.57 
15.47 
15.36 
15.26 
15.15 
15.05 
5.00 9.66 li;41 13.16 14.91 16.66 
4.80 9.56 11.30 13.06 14.80 16.56 
4.60 9.45 11.30 12,95 14.70 16.45 
4.40 9.34 11.09 12.84 14.59 16.34 
4.20 9.24 10.99 12.74 14.49 16.24 
4.00 9.13 10.88 12.63 14.38 16.13 
3.80 9.02 10.77 12.52 14.27 16.02 
3.60 8.92 10.67 12.42 14.17 15.92 
3.40 8.81 10.56 12.31 14.06 15.81 
3.20 8.70 10.45 12.20 13.95 15.70 
3.00 8.60 10.35 12.10 13.65 15.60 
2.80 8.49 10.24 11.99 13.74 15.49 
2.60 8.38 10.13 11.88 13.63 15.38 
2.40 8.28 10.03 11.78 13.53 15.28 
2.20 8.17 9.92 11.67 13.42 15.17 
2.00 8.06 9.81 11.56 13.31 15.06 
17.64 19,39 21.14 22,89 24 .64 26 ,39 28 .14 15.08 
17.53 19.28 21.03 22.78 24 .53 26 ,38 28 .03 14.24 
17.43 19.18 20.93 22,68 24 .43 26 .18 27 .93 13.41 
17.32 19.07 20.82 32.57 24 .32 26 .07 27 .82 12.57 
17.22 10.97 20.72 22,47 24 .22 25 .97 27 .72 11.73 
17.11 18.86 30.61 SS.36 24 .11 35 .86 87 .61 10,69 
17.01 18.76 20.51 22.26 24 .01 25 .76 27 .51 10.05 
16.90 18.65 20.40 22.15 23 .90 25 .65 27 .40 9.22 
16.80 18.55 20.20 22.05 23 .80 25 .55 27 .30 8.38 
144 i^roteln ration 
18.41 20.16 21,91 23.66 25 .41 27 .16 28 .91 21.29 
18.30 20.06 21,80 23,56 25 .30 27 .06 88 .80 20.44 
18.20 19.95 21.70 23,45 25 .20 26 .95 28 .70 19,59 
18,09 19.84 21,59 23.34 25 .09 26 .84 28 .59 18.74 
17.99 19.74 21,49 23.24 24 .99 26 .74 28.49 17.88 
17.88 19.63 21,38 23.13 24 .88 26 ,63 28 .38 17.03 
17.77 19.52 12.27 23.02 24 .77 26 ,52 28 .27 16,18 
17.67 19.42 21.17 22.92 24 .67 26 .42 28 .17 15.33 
17.56 19.31 21.06 22.81 24 .56 26 .31 28 .06 14.48 
17.45 19.20 20,95 22.70 24 .45 26 .20 27 .95 13.63 
17.35 19.10 20,85 22.60 24 ,35 26 .10 27 .85 12.77 
17.24 18.09 20,74 22.49 24 ,24 25 .99 27 .74 11.92 
17.13 18.88 20.63 22.38 24 .13 25 ,88 27 .63 11.08 
17.03 18.78 20,53 22.28 24 .03 25 .78 27 .53 10.22 
16.92 18.67 20.42 22.17 23 .92 25 .67 27 .42 9.37 
16.81 18.56 20.31 22.06 23, .81 25 .56 27 .31 8.52 
For al6^ protein ration 
5.00 9 .75 11.50 13.25 15.00 16.75 18 .50 20,25 22,00 23.75 25.50 27.25 29 .00 22.02 
4.80 9 .64 11.39 13.14 14.89 16.64 18 .39 20,14 21.89 23.64 25.39 27.14 28 ,89 21.13 
4.60 9 .53 11.28 13,03 14.78 16.53 18 .28 20.03 21,78 23,53 25.28 27.03 28 ,78 20.25 
4.40 9 .42 11.17 12.92 14.67 15.43 18 .17 19.92 21,67 23,42 25,17 26,92 28 .67 19.37 
4.20 9 .31 11.06 12.81 14.56 16.31 18 .06 19.81 21,56 23,31 25.06 26.81 28 .56 18.49 
4.00 9 .20 10.95 12.70 14.45 16.20 17 .95 19.70 21.45 23.20 24.95 26.70 28 .45 17.61 
3.80 9 .09 10.84 12.59 14.34 16.09 17 .84 19.59 21,34 23,09 24.84 26,59 28 .34 16.73 
3.60 8 .98 10.73 12.48 14.23 15.98 17 .73 19,48 21.23 22.98 24.73 26.48 28 .23 15.85 
3.40 8 .87 10.62 12.37 14.12 15.87 17 .62 19.37 21.12 22.87 24.62 26,37 28 .12 14.97 
3.20 8 .76 10.51 12.26 14.01 15.76 17 .51 19.26 21.01 22.76 24.51 26.26 28 .01 14.09 
3.00 8 .65 10,40 12.15 13.90 15.65 17 .40 19.15 20.90 22.65 24.40 26,15 27 .90 13.21 
2.80 8 .54 10.29 12.04 13.79 15,54 17 .29 19.04 20.79 22.54 24.29 26.04 27 .79 12.33 
2.60 8 .43 10,18 11.93 13.68 15.43 17 .18 18.93 20.68 22,43 24.18 25,93 27 .68 11.45 
2.40 8 .32 10,07 11,82 13.57 15.32 17 .07 18,82 20.57 22.32 24.07 25,82 27 .57 10.57 
2.20 8 .21 9,96 11.71 13.46 15.21 16 .96 18,71 20.46 22.21 23,96 25,71 27 .46 9.69 
2.00 8 .10 9,85 11.60 13.35 15.10 16 .85 18,60 20,35 22.10 23,85 25.60 27 .35 8.81 

Table 40. Necesoary selling price to permit,the feeder to break even in putting 25 pounds 
additional weight on hogs weighing 200 pounds 
Price of 
feed now (I per 
100 
pounds) 
8.00 
Price of hogs per hundred pounds, now (dollars) 
10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 
Feed 
cost 
per 100 
pounds 
gain 
For a protein ration 
5.00 9.88 11.66 13.44 15.22 
4.80 9.76 11.54 13.32 15.10 
4.60 9.65 11.43 13.21 14.99 
4.40 9.54 11.32 13.10 14.88 
4.30 9.43 11.21 12.99 14.77 
4.00 9.32 11.10 12.88 14.66 
3.80 9.21 10.99 12.77 14,55 
3.60 9.10 10.88 12.66 14.44 
3.40 8.99 10.77 12,55 14.33 
3.20 8.88 10.66 12.44 14.22 
3.00 8.77 10.55 12,33 14.11 
2.80 8.66 10.44 12.22 14.00 
2.60 8.55 10.33 12.11 13.89 
2.40 8.44 10.22 12,00 13,78 
2.20 8.33 10.11 11.89 13.67 
2.00 8.22 10.00 11.78 13.56 
5.00 9.81 11.59 13.37 15,15 
4.80 9.71 11.49 13.27 15,05 
4.60 9.60 11.38 13.16 14.94 
4.40 9.49 11.27 13.05 14.83 
4.20 9,38 11.16 12.94 14.72 
4.00 9.28 11.06 12.84 14.62 
3.80 9.17 10.95 12.73 14.51 
3.60 9.06 10.84 12.62 14.40 
3.40 8.95 10.73 12.51 14.29 
3.20 8.84 10.62 12.40 14.18 
3.00 8.74 10.52 12.30 14,08 
2.80 8.63 10.41 12.19 13.97 
2.60 8.52 10.30 12.08 13.86 
2.40 8.41 10.19 11.97 13.75 
2.20 8^31 10.09 11.87 13,65 
2.00 8.20 9.98 11.76 13,54 
17.00 
16.88 
16.77 
16.66 
16.55 
16.44 
16.33 
16.22 
16.11 
16.00 
15.89 
15.78 
15.67 
15.56 
15.45 
15.34 
18 .78 20.56 22 ,34 24.12 25.90 27.68 29 ,46 22.04 
18 .66 20.44 22 ,22 24.00 25.78 27.56 29 .34 21.16 
18 .55 20.33 22 .11 23.89 25.67 27.45 29 .23 20.28 
18 .44 20.22 22 .00 23.78 25.56 27.34 29 .12 19.40 
18 .33 20.11 21 .89 23.67 25.45 27.23 29 .01 18.51 
18 .22 20.00 21 .78 23.56 25.34 27.12 28 ,90 17.63 
18 .11 19.89 21 ,67 23.45 25.23 27.01 28 ,79 16.75 
18 ,00 19.78 21 .56 23,34 25.12 26.90 28 ,68 15.87 
17 .89 19,67 21 .45 23,23 25,01 26.79 28 ,57 14.99 
17 .78 19.56 21 .34 23,12 24.90 26.68 28 .46 14,11 
17 .67 19.45 21 .23 23,01 24.79 26.57 28 .35 13.22 
17 .56 19.34 21 ,12 22.90 24.68 26.46 28 .24 12.34 
17 .45 19.23 21 ,01 22.79 24.57 26,35 28 .13 11.46 
17 .34 19.12 20 ,90 22.68 24.46 26.24 28 .02 10.58 
17 .23 19.01 20 ,79 22.57 24.35 26.13 27 ,91 9.70 
17 .12 18.90 20 .68 22.46 24.24 26.02 27 .80 8.82 
For a 12;^ protein ration 
16.93 
16.83 
16.72 
16.61 
16.50 
16.40 
16.29 
16.18 
16.07 
15.96 
15.86 
15.75 
15.64 
15.53 
15.43 
16.32 
18 .71 20.49 22.27 24.05 25.83 27.61 29 .39 ' 21 ,55 
18 .61 20.39 22.17 23.95 25.73 27.51 29 .29 20 .69 
18 .50 20,28 22.06 23.84 25,62 27.40 29 .18 19 ,83 
18 .39 20.17 21.95 23.73 25.51 27.29 29 .07 18 .97 
18 ,28 20.06 21.84 23.62 25.40 27.18 28 .96 18 .11 
18 .18 19.96 21.74 23.52 25,30 27.08 28 .86 17 .24 
18 .07 19.85 21.63 23,41 25.19 26,97 28 .75 16 ,38 
17 .96 19.74 21.52 23,30 25.08 26.86 28 .64 15 .52 
17 .85 19.63 21,41 23.19 24,97 26.75 28 .53 14 .66 
17 ,74 19.52 81.30 23.08 24,86 26,64 28 .42 13 .79 
17 ,64 19.42 21,20 22.98 24,76 26.54 28 ,32 12 ,93 
17 .53 19.31 21,09 22.87 24.65 26.43 28 .21 12 ,07 
17 .42 19,20 20.98 22.76 24.54 26.32 28 .10 11 ,21 
17 ,31 19,09 20.87 22.65 24.43 26,21 27 .99 10 ,35 
17 ;3i 18.99 20.77 22.55 24,33 26.11 27 .89 9 .48 
17 ,10 18.88 20.66 22.44 24.22 26.00 27 ,78 8 .62 

3.80 9.17 10.95 12.73 14.51 
3.60 9.06 10.84 12.62 14.40 
3.40 8.95 10.73 12.51 14,29 
3.20 8.84 10,62 12.40 14.18 
3.00 8.74 10.52 12.30 14.08 
2.80 8.63 10.41 12.19 13.97 
2.60 8,52 10.30 13.08 13.86 
2.40 8.41 10.19 11.97 13.75 
2.20 8^31 10.09 11^87 13.65 
2.00 8.30 9.98 11.76 13.54 
5.00 9.86 11.64 13.42 15.20 
4.80 9.75 11.53 13.31 15.09 
4.60 9.64 11.42 13.20 14.98 
4.40 9.53 11.31 13.09 14.87 
4.20 9.42 11.20 12.98 14.76 
4.00 9.31 11.09 12.87 14.65 
3.80 9.20 10.98 12.76 14.54 
3.60 9.09 10.87 12.65 14.43 
3.40 8.98 10.76 12.54 14.32 
3.20 8.87 10.65 12.43 14.21 
3.00 8.76 10.54 12.32 14.10 
2.80 8.65 10.43 12.21 13.99 
2.60 8.54 10.32 12.10 13.88 
2.40 8.43 10.21 11.99 13.77 
2.20 8.32 10.10 11,88 13.66 
2,00 8.22 10.00 11.78 13.56 
5.00 9.95 11.73 13.51 15.29 
4.80 9.84 11.62 13.40 15.18 
4.60 9.72 11.50 13,28 15.06 
4.40 9.61 11.39 13.17 14.95 
4.20 9,50 11.28 13.06 14.84 
4.00 9.39 11.17 12.95 14.73 
3.80 9.27 11.05 12.83 14.61 
3.60 9.16 10.94 12.72 14.50 
3.40 9.05 10.83 12.61 14.39 
3.20 8.93 10.71 12.49 14.27 
3.00 8.82 10.60 12.38 14.16 
2.80 8.71 10.49 12.27 14.05 
2.60 8.59 10.37 12.15 13.93 
2.40 8.48 10.26 12.04 13.82 
S.20 8.37 10.15 11.93 13.71 
2.00 8.25 10.03 11,81 13.59 
16 .29 18.07 19.85 21,63 
16 .18 17.96 19.74 21,52 
16 .07 17.85 19.63 21.41 
15 .96 17.74 19.52 81.30 
15 .86 17.64 19.42 21.20 
15 .75 17.53 19.31 21.09 
15 .64 17.42 19.2U 20,98 
15 .53 17.31 19.09 20,87 
15 .43 17; 21 18.99 20.77 
15 .32 17.10 18.88 20.66 
For a 14^ protein ration 
16 .98 18 .76 20.54 22.32 
16 .87 18 ,65 20.43 22.21 
16 .76 18 .54 20..32 22.10 
16 .65 18 .43 20.21 21.99 
16 .54 18 ,32 20.10 21.88 
16 .43 18 ,21 19.99 21.77 
16 .32 18 .10 19,88 21.66 
16 .21 17 .99 19.77 21.55 
16 .10 17 .88 19.66 21.44 
15 .99 17 .77 19.55 21.33 
15 .88 17 .66 19.44 21.22 
15 .77 17 .55 19.33 21,11 
15 .66 17 .44 19.22 21.00 
15 .55 17 .33 19.11 20.89 
15 .44 17 .22 19.00 20.78 
15 .34 17 .12 18,90 20.68 
For a 16^ protein ration 
17 .07 18 .85 20 .63 22.41 
16 ,96 18 .74 20 .52 22.30 
16 .84 18 .62 20 .40 22.18 
16 ,73 18 .51 20 .29 22.07 
16 .62 18 .40 20 .18 21.96 
16 ,51 18 .29 20 .07 21.85 
16 .39 18 .17 19 .95 21.73 
16 .28 18 .06 19 .84 21.62 
16 .17 17 .95 19 .73 21.51 
16 .05 17 ,83 19 .61 21.,39 
15 ,94 17 .72 19 .50 21.28 
15 ,83 17 .61 19 .39 21.17 
15 .71 17 ,49 19 .27 21.05 
15 .60 17 ,38 19 .16 20.94 
15 ,49 17 .27 19 .05 20.83 
15 .37 17 .15 18 .93 20.71 
83.41 
23.30 
23.19 
23.08 
22.98 
22.87 
22.76 
22.66 
22.55 
22.44 
24.10 
23.99 
23.88 
23.77 
23.66 
23.55 
23.44 
23.33 
23.22 
23.11 
23.00 
22.89 
22.78 
22.67 
22.56 
22.46 
24.19 
24.08 
23.96 
23.85 
23.74 
23.63 
23.51 
23.40 
23.29 
23.17 
23.06 
22.95 
22.83 
22.72 
22.61 
22.49 
25.19 
25.08 
24.97 
24.86 
24.76 
24.65 
24.54 
24.43 
24.33 
24.22 
25.88 
25.77 
25.66 
25.55 
25.44 
25.33 
25.22 
25.11 
25.00 
24.89 
24.78 
24.67 
24.56 
24.45 
24.34 
24.24 
25.97 
25.86 
25.74 
25.63 
25.52 
25.41 
25.29 
25.18 
25.07 
24.95 
24.84 
24.73 
24.61 
24.50 
24.39 
24.27 
26.97 
26.86 
26.75 
26.64 
26.54 
26.43 
26.33 
26.21 
26.11 
26.00 
27.66 
27.55 
27.44 
27.33 
27.22 
27.11 
27.00 
26.89 
26.78 
26.67 
26.56 
26.45 
26.34 
26.23 
26.12 
26.02 
27.75 
27.64 
27.52 
27.41 
27.30 
27.19 
27.07 
26.96 
26.85 
26.73 
26.62 
26.51 
26.39 
26.28 
26.17 
26.05 
28.75 
28.64 
28.53 
28.42 
28.32 
28.21 
28,10 
27.99 
27.89 
27.78 
29.44 
29.33 
29.22 
29.11 
29.00 
28.89 
28.78 
28.67 
28.56 
28.45 
28.34 
28.23 
28.12 
28.01 
27.90 
27.80 
29.53 
29.42 
29.30 
29.19 
29.08 
28.97 
28.85 
28.74 
28.63 
28.51 
28.40 
28.29 
28.17 
28.06 
27.95 
27.83 
16.38 
15.52 
14.66 
13.79 
12.93 
12.07 
11.21 
10.35 
9.48 
8.62 
21.91 
21.03 
20.15 
19.28 
18.40 
17.52 
16.65 
15.77 
14.90 
14.02 
13.14 
12.27 
11,39 
10.51 
9.64 
8.76 
22.65 
21.75 
20.84 
19.93 
19.03 
18,12 
17.22 
16.31 
15.40 
14.50 
13.59 
12.69 
31.78 
10.87 
9.97 
9.06 
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with soyhaan oiimeal), which gives us 100 pounds of feed, fe'ith soyhean 
oilmeal at 6 cents per pound, corn at 3 cents and aineral at 6 cents, feed 
costs three dollars and twenty-eight cents per 100 pounds, looking at 
lahle 39 for a feed cost of three dollars and twenty-eight cents per 
hundred pounds for 175-pound hogs, and adding 25 additional pounds on a 
10 per cent protein ration, you need a price of 19.21 to "hreak even", 
comparing selling now with covering feed costs of adding 25 pounds more 
weight. Anything over nineteen dollars and twenty-one cents per hundred­
weight "brings a return for extra lahor, capital or profit. 
Historical Price Relationships 
Over the past 16 years, the price ratio between soybean oilmeal and 
corn (per pound of feed) has been as low as 1.05 in July 1937 (see Table 
41) and as high as 2.75 in lovenber 1939. Occasionally marked changes 
have occurred in a single month. In 1937, for example, the price ratio 
changed from 1,33 in mid-septeaber to 2.44 in October. Except for 1949, 
the price ratio during the past five years has been highest in the fall 
of the year when corn prices are lowest. 
Using November corn and soybean oilmeal prices and a November 1 wean­
ing date, the least-tijne ration would have resulted in higher returns than 
the least-cost ration in only one out of the past 16 years.^ This was in 
1946. Yet, in six of these years, the price received at marketing time 
was higher for a least-time marketing date than for a least-cost marketing 
date. 
^The price of hogs for this analysis is based on weekly Iowa prices. 
Table 41. Price ratios of a ijound of corn to a pound of soybean oilmeal by 
months for years 1937 to 1952® 
Year Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. 
1937 1.26 1.21 1,22 1.13 1.16 1.13 1.05 1.21 1.33 2.44 2.67 2.53 
1938 2.14 2.31 2.33 2.22 2.22 2.22 2.13 2.50 2.33 2.88 2.70 2.43 
1939 2.43 2.74 2.66 2.58 2.43 2.32 2.58 2.50 2.27 2.71 2.75 2.53 
1940 2.32 2.14 2.15 1.98 1.75 1.60 1.53 1.58 i.m 1.72 1.87 2.14 
1941 3.07 2.01 1.95 1.78 1.71 1.70 1.85 1.96 2.19 2.31 2.24 2.24 
1942 2.08 2.09 3.05 3.00 1.78 1.75 1.80 1.88 1.86 1.91 2.02 1.82 
1943 1.68 1.69 1.61 1.55 1.52 1.55 1.55 1.76 1.82 1.82 1.86 1.70 
1944 1.73 1.73 1.70 1.69 1.69 1.69 1.68 1.68 1.68 1.68 1.79 1.79 
1945 1.79 1.79 1.68 1.75 1.76 1.70 1.69 1.65 1.68 1.68 1.70 1.78 
1946 1.74 1.72 1.69 1.66 1.59 1.61 1.16 1.69 1.37 1.31 2.57 2.47 
1947 2.35 2.02 1.74 1.59 1.51 1.29 1.36 1.30 1.24 1.38 1.30 1.21 
1948 1.27 1.53 1.31 1.22 1.24 1.28 1.55 1.48 1.67 1.72 2.13 2.17 
1949 2.01 2.12 1.94 1.88 1.93 1.93 2.11 2.65 2.62 2.39 2.40 2.32 
1950 1.98 1.88 1.90 2.01 1,97 2.02 2.12 2.01 1.74 1.67 1.69 1.63 
1951 1.63 1.59 1.65 1.56 1,58 1.54 1.61 1.63 1.64 1.73 1.72 1.72 
1952 1.78 1.89 1.89 1.85 1.86 1.83 1.89 1.99 2.13 2.20 2.16 2.02 
®^Source of prices of corn and eoybean oilmeal—Crops and Markets and personal communication 
with Iowa Crop Beporting Service. 
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Flgore 68. Iowa seasonal price pattern for good to choice butcher hogs 
Table 42. Comparison of least-cost ration and least-time ration in feed costs with aureoioyoln and 
returns per hog in taking pigs from weaning (3^+ pounds) to 22S pounds'^ 
Pr ice Cost of 3'l-225 Gross return Net return Days to market 
Year Price uer Ih. It. gain oer • Dig ($) per pig (S) 
rati 0 Corn SBOM L.C. L.T. L.C. L.T. L.C. L.T. L.O. L.T. 
ration ration ration ration ration ration rat Ion ration 
Weaning date November 1 
1937 2.7 .73 1.95 5.58 6.41 21.87 21.94 16.29 15.53 130 105 
1938 2.7 .61 1.65 4.67 5.38 20.54 18.70 15.87 13.32 130 105 
1939 2.8 .71 1.95 5.^5 6.30 17.06 17.01 11.61 10.71 131 105 
19^0 1.9 .91 1.70 6.56 7.03 11.36 11.43 4.80 4.40 120 105 
19^1 1.07 2.40 7.9'^ 8.79 16.72 16.96 8.78 8.17 123 105 
1942 2.0 1.21 2.45 8.83 9.60 28.48 27.65 19.65 18.05 121 105 
1943 1.9 1.64 3.05 11.80 12.65 33.3^ 33.37 21.54 20.72 120 105 
19W+ 1.8 1.70 3.05 12.16 1?.9? 29.92 29.92 17.76 16.95 118 105 
1945 1.7 1.69 3.05 12.70 13.44 32.22 32.22 IV. 52 18.78 117 105 
1946 2 .6  2.02 5.20 15.34 17.48 32.22 32.22 16.88 18.78^ 128 105 
1947 1.3 4.00 5.20 27.17 27.92 58.48 55 *55 31.31 27.63 111 105 
1948 2.1 2.02 4.30 14.87 16.30 '19.54 47.81 3'|'.67 31.51 122 105 
1949 2.4 1.73 4.15 12.98 14.57 46.82 42.55 33.84 27.98 126 105 
1950 1.7 2.43 4.10 17.22 18.20 33.05 38.00 20.83 19.80 117 105 
1951 1.7 2.87 4.95 20.41 21.63 50.31 50.76 29.90 29.13 117 105 
1952 2.2 2.41 5.20 17.78 19.5^1- 37.87 38.74 20.09 19.20 123 105 
^Teed requirements are based on Interval functions for Coblj-Douglaa (536 and 55^0 time 
from square root function. L.C. refers to least-cost and L.T. refers to least-time ration. 
^Leant-tirae ration higher net return than least-cost. 
Tabl e ^2 (Cont inued.) 
Price Cost of 3^^-225 Gross return Net return Days to market 
Year Price per IT). lb. gain per pis ($) per pi^ ($) 
rat io Corn SBOM L.C. L.T. L.C. L.T. L.C. L.T. L.C. L.T. 
ration rat i on ration ration ration ration ration ration 
V/eanin^:: date fTovember 15 
1937 2.7 .73 1.95 5.58 6.41 22.32 21.62 16.7^^ 15.21 130 105 
1938 2.7 .61 1.65 4.67 5.38 19.89 19.22 15.22 13.84 130 105 
1939 2.8 .71 1.95 5.^^5 6.30 16.13 17.57 10.68 11.27^ 131 105 
19^0 1.9 .91 1.70 6.56 7.03 11.34 11.36 4.76 ^K33 120 105 
19^1 2.2 1.07 2.40 7.9^ 8.79 16.74 16.72 8.80 7.93 123 105 
19^^-2 2.0 1.21 2.45 8.83 9.60 29.5^ 28.48 20.71 18.88 121 105 
19^^-3 1.9 1.6^^ 3.05 11.80 12.65 33.44 33.3^ 21.64 20.69 120 105 
I9^k 1.8 1.70 3.05 12.16 12.97 30.02 29.92 17.86 16.95 118 105 
19^5 1.7 1.69 3.05 12.70 13.^^ 32.22 32.22 19.52 18.78 117 105 
19''^ 6 2.6 2.02 5.20 15.3^ 17. ^>^8 32.22 32.22 16.88 18.78° 128 105 
19^7 1.3 '+.00 5.20 27.17 27.92 63.92 63.68 36.75 35.76 111 105 
19^8 2.1 2.02 4.30 14.87 16.30 '^9.77 49.5^ 3^K90 33.24 122 105 
19'4-9 2.4 1.73 4.15 12.98 1^.57 47.14 45.45 3^.16 30.88 126 105 
1950 1.7 2.43 4.10 17.22 18.20 37.62 38.05 20.40 19.85 117 105 
1951 1.7 2.87 ^.95 20.41 21.63 ^7.95 48.04 27.5^ 26.41 117 105 
1952 2.2 2.41 5.20 17.78 19.5^ 37.55 37.87 19.77 18.33 123 105 
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yor a Hovember 15 weaning date, a higher return ahove feed costs was 
obtained with a least-time ration in two years out of the 16, 1946 and 
1939. There were three additional years when the price at marketing time 
for 100 pounds of pork was higher for the earlier marketing date than for 
a least-cost marketing date, hut the extra feed costs were higher than 
the added value of pork. Usually the price of pork declines rather 
sharply after the middle of March and again in the middle of October (see 
Figure 68), when the fall and spring pig crops reach the markets in large 
numbers. These are the times when fast gains are most likely to be pro­
fitable. 
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SUMMMY MB COHCLUSIOHS 
Two feeding trials were specially designed for this study and a 
third experiment was already availalile. Eations of from 10 to 20 per cent 
protein were fed to different lots "by adjusting the corn-soy'bean oilmeal 
ratio. Sach ration was also fortified with vitaains and minerals, and 
about half the replicates received an antibiotic. The 464 pigs were ran­
domly allotted from outcome groups. 
Input-output relationships and substitution rates were derived from 
multiple regression equations for each e3cperiment and for the experiments 
pooled, for rations with and without aureomycin and for three weight 
ranges. Several alternative regression equations were used, including 
Cobb-Douglas, quadratic cross-product, quadratic square root and quadratic 
ratio functions. While more research is needed to determine which equa­
tions are best under different situations, several tentative conclusions 
on the different equations can be made from this study. First, it appears 
that the Cobb-Douglas equation fitted over a part of the weaning to 200-
pound weight range (an interval equation) gives as good results as any 
other tested. This procedure of fitting several equations for different 
weight ranges allows substitution rates and other input-output relation­
ships to change. Interval quadratic cross-product equations also gave 
good results in some cases, but in other cases, random errors or uncon­
trolled variation in the experimental data gave iso-gain contours concave 
to the axis instead of convex. As this equation has more terms it is 
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more difficult to obtain statistical significance. Overall equations 
fitted over the entire weaning to 200-pound weight range probably are 
less accurate in obtaining substitution rates because of the difficulty 
of obtaining a function which will allow sufficient change in relation­
ships for different weight hogs. The overall quadratic square root and 
the overall quadratic ratio equations are believed to be more accurate 
than the overall quadratic cross-product or the overall Cobb-Douglas equa­
tions on the basis of logic, statistical results and agreement with the 
plotted experimental observations. 
For Experiments 536 and 554 pooled, for rations with aureomycin, the 
three Cobb-Douglas equations are; 
34 - 75 lbs. T = 1.607P'^'''C*^^ 
75 -150 lbs. Y = .714?-^^^C-''®''' 
150 -200 lbs. T = .439P*°52c.856 ^ 
In these equations Y is pounds of gain, P is pounds of 45 per cent 
protein soybean oilraeal and C is pounds of corn. Ihe corresponding time 
equation is T = 9.837 + .690P + .167C - .432"r? + 4.264 fc" - .590 "^ 5^7 
where T is days from weaning weight. Prom these four basic equations, the 
basic input-output relationships in pork production can be obtained. 
'For weaning to 60-potind pigs, the last pound of soybean oilmeal in a 
10 per cent protein ration adds 1.87 pounds of gain (see Table 43). For 
a 20 per cent protein ration, it adds only .42 pounds of gain. On the 
other hand, a pound of corn in a 20 per cent protein ration adds .37 
pounds of gain and for a 10 per cent protein ration only .16 pounds of 
gain. Thus, there is diminishing productivity of corn or soybean oilraeal 
as it is increased in a ration to add 26 pounds of gain on weanling pigs. 
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Similar relationships exist for other weight intervals. Por gain froia 75 
to 110 pound pigs, a pound of protein adds ,88 pounds of gain for a 10 
per cent protein ration, .43 for a 12 per cent ration and .13 for a 20 
per cent protein ration. For gain from 150 to 175 pounds, a pound of 
protein adds .52 pounds of gain for a 10 per cent protein ration and .07 
for a 20 per cent protein ration. 
Tahle 43. Basic physical relationships in hog production 
for rations fron 10 to 20 per cent 
Per Hatio Peed per 100 
cent corn pounds gain 
protein to Lbs. Lhs. Lhs. Suhst. Daily Days MPP®' MPP®' 
SSOM com + rate gain corn SBCM 
SBOM (Ihs./ 
day) 
Gain from 34-75 pounds 
10 21 17 358 375 11.5 .80 51 .16 1,87 
12 9 30 263 293 4.9 1.08 38 .22 1.08 
14 5 42 220 262 2,9 1.26 33 .27 ,78 
16 4 53 192 245 2,0 1,38 30 .30 ,61 
18 3 65 172 237 1.5 1.45 28 .34 .50 
20 2 77 157 234 1.1 1.47 28 ,37 .42 
Gain from 75-150 pounds 
10 21 17 358 375 3.8 1.41 53 .23 .88 
12 9 36 313 349 1,6 1,69 44 ,26 .43 
14 5 55 289 344 1.0 1,80 42 .29 .28 
16 4 75 273 348 0.7 1,79 42 .30 .20 
18 3 98 260 358 0.5 1,70 44 .32 .16 
20 2 122 249 371 0.4 i.53 48 .33 .13 
Gain from 150-225 pounds 
10 21 19 386 405 2.2 1,63 46 .24 .52 
12 9 41 355 396 0.9 1.99 38 ,26 .24 
14 5 64 339 403 0.6 2.12 36 .27 .15 
16 4 90 326 416 0.4 2.06 36 .28 .11 
18 3 119 317 436 0.3 1,88 40 .29 ,08 
20 2 151 309 460 0.2 1,65 46 .29 .07 
^Marginal physical productivities are for 60, 110 and 175 pound pigs. 
According to these figures, the marginal physical productivity of 
corn increases with hog weight for low protein rations and decreases with 
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weight for high protein rations. If higher weights had heen studied, it 
would "be logical to assume that the marginal productivities for corn would 
eventually decline with weight regardless of the ration. 
The aarginal rate of substitution is the inverse ratio of the mar­
ginal products. It indicates the pounds of corn which would be replaced 
by adding an additional pound of soybean oilmeal to the ration. For the 
34 to 75 pound hog wei^t (41 pounds gain), 11,5 pounds of corn would be 
replaced by a pound of soybean oilneal for a 10 per cent protein ration, 
2.9 pounds for a 14 per cent protein ration and 1.1 pounds for a 20 per 
cent protein ration. This indicates substitution of protein for corn at 
a diminishing rate. Protein also substitutes for corn at a diminishing 
rate as heavier hog weights are reached. For a 12 per cent protein 
ration, 4.9 pounds of corn are replaced by adding a pound of soybean 
oilmeal for the weaning to 75-pound hog weights, 1,6 pounds for the 75 to 
150 pound hog weights and 0.9 pounds for hogs from 150 to 225 pounds. 
When the price ratio (larice of S3(M per pound) equals the substitution 
(price of corn per pound) 
rate, the ration is least-cost. No other ration will allow the same gain 
at a lower feed cost. 
Minimua pounds of feed is not a good index of economic efficiency in 
pork production. Such a ration may involve a higher cost per pound of 
feed, which offsets a greater number of pounds of feed per 100 pounds of 
gain. 
For hogs from weaning to 75 pounds, a 20 per cent protein ration 
entails the least pounds of feed, but a 16 per cent protein ration would 
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be least-cost for a price ratio of 2/1. In this case, a 20 per cent pro­
tein ration would result in the fastest daily gain, hut an 18 per cent 
protein ration would he as fast to the nearest day. 
The least-cost and the least-tiae rations are the two hench marks 
which are useful in determining rations. Generally there is nothing to 
he gained in feeding a ration outside of these liaits, For a price ratio 
of 3/1, these limits are 13.9 to 20.3 for small pigs, 10.4 to 14.8 for 
the 75 to 150 weight range and 9.5 to 14.4 for the heavier pigs. To 
facilitate the determination of rations, several procedures were used. 
The least-cost ration corresponding to price rstios from 1.0 to 4.0 were 
determined for one-tenth intervals. Corn value equivalents, or the amount 
of corn equal in value to the corn and soybean oilneal in the ration, were 
determined for alternative price ratios to facilitate the computation of 
feed costs. A special slide rule "wheel" was devised for quickly deter­
mining the least-cost ration and the cost of 100 pounds of gain. 
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Appendix A. Statistical (Quantities and Tests of Significance 
IThe mimTaer of observations, correlation coefficients, multiple corre­
lation coefficients, standard errors and t values for equations in the 
text, are presented here. H refers to numher of ohserrations, r to 
correlation coefficients vfith subscripts designating association "between 
two variables, p indicating soybean oilmeal, c referring to corn, and y 
to gain. B. refers to the inultipic correlation coefficient, s-jj refers to 
the standard error of each variable where the subscript in parentheses 
refers to the variable referred to and t refers to students' t test for 
the sig:nificance of regression coefficients where t = b-0 . For 30 or 
Sb 
aore degrees of freedom a value of 2.58 or larger is significant at the 
1 per cent probability level, 1,96 or larger is significant at the 5 per 
cent level and 1.65 is significant at the 10 per cent level. The degrees 
of freedoBi totals H-3 for the Cobb-Bouglas equations and S-6 for the quad­
ratic type equations with five independent variables. 
225 
Table 44. SomlDer of ©"bservations, correlation coefficients, standard 
errors and values of t for Coblj-Douglas equations 
Standard 
Correlation coefficients error (s>>) Yalues of t 
S I'pC rcy E Sb(p) 8b(c) tp tc 
Szperiment 536 
1. ¥ith aureo. 
40-75 lbs. 34 .575 .811 .898 .967 .936 .0366 .0471 7.91 11.61 
75-150 " 52 .621 .732 .970 .984 .969 .0232 .0305 6,52 26.05 
150-200 « 56 .329 .539 .921 .954 .910 .0264 .0416 6.08 19.15 
overall " 142 .797 .855 .949 .963 .927 .0090 .0103 22.46 61.08 
2. Without aureo. 
40-75 lbs. 30 .675 .887 .896 .974 .949 .0407 .0502 8.77 9.23 
75-150 " 42 .611 .639 .960 .962 .926 .0409 .0568 1.53 16,52 
150-200 « 62 .443 .528 .942 .950 .902 .0316 .0457 3.03 19.41 
overall " 119 .828 .890 .982 .991 .982 .0162 .0186 11.06 35.26 
Experiment 554 
1. V/ith aureo. 
31-75 lbs. 42 ,363 .793 .828 ,982 .965 .0184 .0256 17.59 19.26 
75-150 " 60 .418 .647 .943 .983 .967 .0150 ,0238 11,61 30.89 
150-200 " 55 .407 .486 .951 .957 .916 .0196 .0422 2.71 20.48 
overall " 161 .693 .837 .966 .994 .988 .0084 ,0104 26.03 60.26 
2. Without aureo. 
31-75 lbs. 46 .377 .751 .854 .972 .944 .0216 ,0310 12.85 17.06 
75-150 B 59 .412 .701 .912 .980 .960 .0164 .0271 13.3 25.5 
150-200 " 57 .233 .387 .914 .931 .867 .0247 .0513 3.59 17,1 
overall " 161 .699 .850 .961 .993 .986 .0087 .0109 26.38 54.42 
Sxperiaents 536 and 554 pooled 
1. ifith aureo. 
34-75 lbs. 76 .451 .775 .864 .966 .934 .0273 .0279 14.31 19.11 
75-150 " 112 .512 .657 .951 .971 .943 .0163 .0244 8.70 31.41 
150-200 " 111 .363 .489 .936 .949 .901 .0174 .0318 5.30 26.94 
overall 303 .738 .836 .957 .976 .953 .0130 .0158 15.34 40.35 
2. Without aureo. 
34-75 lbs. 76 .487 .781 .867 .960 .921 .0230 .0311 12.52 16.99 
75-150 « 102 .494 .655 .925 .952 .907 .0221 .0343 7.38 22.49 
150-200 « 119 .318 .416 .932 .941 .885 .0204 .0342 3.98 26.77 
overall 280 .752 .859 .968 .988 .976 ,0092 ,0118 21.41 52.32 
Experiments 536, 554 506 pooled 
1. With aureo. 
34-75 lbs. 100 .474 .773 .854 .950 .903 .0229 .0303 13.24 17.52 
75-150 " 144 .571 .691 .960 .975 .951 .0145 .0205 9.40 37.08 
150-200 » 129 .441 .536 .921 .954 ,870 .0158 .0283 6.97 30.02 
2. Without aureo. 
34-75 lbs. 96 .481 .781 .864 .959 .920 .0204 .0272 14.18 18.93 
75-150 " 133 .559 .687 .945 .964 .930 .0191 .0277 8,32 29.08 
150-200 " 140 .372 .476 .942 .951 .905 .0177 .0292 5.09 31,00 
Table 45. Standard errors and t values for regression coefficients, nniltiple regression 
coefficients and number of observations for quadratic equations 
H E® 8b(P®) B|j(c®) 8^(pc) % tp3 tea ^pc 
Experiment 536 
1. With aureo. 
40-75 lbs. 35 .976 .953 .1759 .0576 .00526 .00034 .00062 4.86 5.20 2.03 1.43 .49 
75-150 " 56 .979 .959 .1077 .0420 .00090 .00015 .00062 3.38 8.68 .89 1.84 .69 
150-200 " 60 .932 .869 .1531 .0738 .01857 .00037 .00136 1.44 3.28 2.86 .77 2.11 
overall " 143 .991 .982 .0550 .0198 .00023 .00004 .00015 8.44 16.37 4.05 3.55 0.73 
2, Without aureo. 
40-75 lbs. 29 ,983 .967 .2467 .0555 .00754 .00041 .00277 5.27 2.54 2.41 1.54 0.33 
75-150 " 42 .970 .940 .1320 .0405 .00090 .00015 .00064 .44 7.10 .10 2.69 0.07 
150-200 " 62 .969 .939 .1031 .0354 .00126 .00177 .00084 1.56 8.87 2.02 2.64 1.36 
overall " 119 .991 .983 .0639 .0204 .00026 .00004 .00002 5.44 15.54 2.53 2.90 0.70 
Experiment 554 
1. With aureo. 
31-75 lbs. 42 .984 .968 .2135 .0464 .00513 .00026 .00230 5.24 4.33 5.80 1.57 4.23 
75-150 " 59 .980 .961 .1022 .0411 .00119 .00011 .00073 4.39 7.56 3.32 1.53 1.32 
150-200 " 55 .956 .914 .1246 .0671 .00158 .00029 .00099 0.16 3.91 1.96 0.43 1.01 
overall " 159 .998 .996 .0269 .0082 .00013 .00001 .00008 37.00 34.55 6.47 3.25 18.90 
2. Without aureo. 
31-75 Ibfl. 46 .972 .945 .1643 .0644 .00461 .00035 .00275 6.06 4.43 3.73 1.57 1.76 
75-150 " 58 .979 .958 .1037 .0475 .00112 .00016 .00072 4.55 6.10 5.11 1.96 2.85 
150-200 " 57 .929 .864 .1594 .0715 .00219 .00019 .00012 0.99 5.35 1.68 2.44 1.20 
overall " 161 .990 .979 .0559 .0170 .00031 .00003 .00016 12.37 15.24 9.80 2.89 3.66 
Experiments 5f56 and 
1. V/ith aTxreoraycin 
34-75 lbs. 77 
75-150 IbB. 115 
150-200 " 115 
overall " 303 
2.Without aureoraycin 
34-75 lbs. 75 
75-150 " 100 
150-200 " 119 
overall " 280 
554 pooled 
.970 
.971 
.938 
.987 
.959 
.958 
.934 
.981 
.941 
.942 
.879 
.973 
.920 
.919 
.873 
.963 
.1368 .0405 
.0812 .0319 
.0995 .0490 
.0461 .0154 
.1553 .0550 
.0987 .0440 
.1002 .0393 
.0565 .0176 
.00.32 .00024 .00210 7,28 6.92 6.31 2.76 2,81 
.0007 .00010 .00044 5.18 11.72 1.55 2.72 1.43 
.0013 .00023 .00080 1.03 4.83 .08 0.42 0.32 
.0002 .00003 .00013 12.61 20.39 7.30 3.63 0.93 
.0040 .00032 .00218 6.06 4.70 2.56 0.67 0.70 
.0009 .00014 .00070 3.68 8.35 3.26 3.06 1.08 
.0013 .00012 .00067 1.05 8.35 0.73 2.43 0.72 
.0002 .00027 .00003 10.97 16.34 6.22 2.93 0,59 
Table 46. Correlation coefficients for quadratic equations 
Tpc ^ppa TpcS rp()c) l^py Tcpa Tcca rc(pc) rcy *'p'c a rpa(pc) rca(pc) Tcay r(pc); 
I. Bxper, 536 
1 . V/ith aureo. 
40-75 lb8.4S8 .950 .284 .907 .743 .337 .946 .698 .878 ,212 .893 .622 .600 .755 ,862 
75-150 ".554 .955 .493 .917 .697 .475 .969 .767 .950 ,428 .896 .603 .753 .885 ,824 
150-200 ".240 .960 .179 .918 .475 .226 .976 .547 .882 ,169 .908 .416 .498 .840 .703 
overall ",550 ,952 .437 .948 .725 .410 .967 .703 ,957 ,322 .912 .577 ,636 .880 .814 
2 . V/ithout aureo I • 
40-75 113B.509 .966 .415 .872 ,752 .400 ,962 .798 ,918 ,317 ,832 .633 ,760 .866 .902 
75-150 ".482 .947 .420 .950 .551 .389 .975 ,652 ,956 .349 ,935 .452 .616 .900 ,687 
150-300 ".361 .965 .283 .891 .509 .309 .965 .686 ,947 .234 ,868 .444 .649 .882 ,766 
overall ".597 .950 .577 .955 .708 .448 .970 .721 .975 .392 .918 .551 .683 ,918 ,790 
1. Exper. 554 
1 . With aureo. 
31-75 lbs.212 .966 .093 .874 .712 .162 .961 .606 .785 .044 .833 .619 .500 .684 ,924 
75-150 ".325 .944 .212 .930 .560 .295 .965 .564 ,936 .201 .929 .407 .468 .861 .731 
150-200 ".379 .957 .395 .929 .491 .366 .978 .612 ,942 .326 .931 .494 .586 .916 .608 
overall ".481 .953 .355 .947 .701 .386 .961 ,641 ,945 ,286 ,926 .570 .556 ,860 .795 
9 . Without aureo 
31-75 lbs.286 .934 .180 .918 .720 .264 .966 .542 ,809 ,180 ,932 .615 ,709 .822 
7G-150 ".404 .946 .336 .940 .681 ,371 .977 .610 ,901 .319 ,936 .594 .561 ,846 ,804 
150-200 ".200 .964 .103 .933 .356 .247 .967 .467 .898 .151 ,953 .375 .369 ,821 ,578 
overall ".469 .956 .326 .951 .721 .385 .956 .621 .925 .271 ,940 .605 .516 .822 ,802 
1 Exper. 536 and 554 pooled 
1, . V/lth aureo. 
34-75 lbs.315 .942 .190 ,894 .699 .246 .954 .633 .830 .137 ,893 .566 .540 .718 ,848 
75-150 ".466 .947 .392 .919 .622 .414 .967 .685 .939 .360 ,909 .540 .653 .868 .754 
150-200 ".328 .957 .275 .916 .480 .321 .974 .597 .918 .282 ,920 .469 .572 .890 .698 
overall ",516 .950 .397 .948 .701 .398 .964 .670 ,948 .305 ,918 .562 .594 .868 .790 
2. , Without aureo 
34-75 lb8.359 .934 .252 .904 .719 .297 .764 .624 .842 .214 .901 .610 .547 .757 ,835 
75-150 ".452 .936 .393 .942 .611 .385 .974 .637 .920 .348 .934 .496 .603 .859 ,722 
150-200 ".266 .963 .168 .912 .399 .276 .960 ,561 .916 .185 .919 .396 .474 .844 ,642 
overall ".529 .952 .411 .952 .710 .416 ,962 .669 ,941 .328 .929 .575 .592 ,857 ,785 
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Table 47. Yalxies of t for testing intervaJ. regression coefficients 
against each, other.® Ssperiiaents 53^ and 55^ pooled 
Eroeriment 
and V ivith. aureomycln V/ithout aureomycin 
comparison Protein Corn Protein Corn 
3^75 pounds vs. 75-150 pounds 6.67 9.09 5.56 7.1^ 
3^75 pounds vs. 150-200 poimds 9.09 11.11 10.00 11.11 
75-150 pounds vs. 15C-2G0 pounds 2.9^ 2.7s 3.85 5. SB 
^All values of t si^ificant at the 5 per cent level. 
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Appendix B. Techniques Used in Computational V/ork^ 
A. Cobb-Douglas equations 
1. The marginal product equals the elasticity (regression coeffi­
cient) times the ratio of output to input. 
(a) Y = aXibSgc 
(b) ^ by solving equation (la) for Xg® 
aXi" 
(c) = abXi^-^Xg® = marginal product of X^ 
(d) — = ^  by substituting eauation (lb) into equation (ic). 
aXi 
2. The substitution rate equals the inverse ratio of the regression 
coefficients tiraes the ratio of the quantities of the two resources 
used. 
dY 
Mi (a) ~ ^ cancelling dY in numerator and denominator 
^2 
dXi 
.4X = SZ from equation (id) 
dXi Xj dZs Xa 
(c) dXg X^ ^ bYXg bXg 
^ XjcY ~ ^  
X3 
3. Equation for ration (fixed ratio or scaled line) 
(a) Y = aXj^g*^ = production function given in terras of var­
iables Xj and Xg 
(b) Y = aXi^(Xg^)® by multiplying and dividing Xg in equation 
•"•I (5a) by Xj 
^In each case the proced\ires refer to a two input production function. 
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(c) Y = aXi^°E® production function in terms of Tariable Ij, 
and ratio Xg/Xi where E = Xg/Xi = a constant 
for a given ration line. 
4. Equation for iso-product curve in terras of Xj and fi, where E 
equals the ratio of inputs Xg to Xj. 
(a) Given ration line total product equation from equation (3c), 
(b) than X^ 
aE 
l)+c _ jr 
sR
1 
(c) and Xj = ^ ^  b-»-c 
a-L- luS-
"b+c "b+c 
5. The ratio of two total product quantities resulting from two 
levels of a resource X (and where resource & is constant) equals 
X X 
where — is the ratio of resource X and "b is the regression 
•^3 Xg 
coefficient for resource X. 
Y, aXi^Si^ 
(a) ^  c where the numerator is the equation for total 
Yg aXg *1 product for the first level of X and the 
denominator is for the second 
^ = (^)^ as Sj = &g when resource S is held constant 
^3 Xg 
6. The ratio of resource inputs "between two iso-products of the 
same regression ecustion eauals v when measured along the 
y 
same fixed ratio (-3-= a constant) line. 
Xi 
1 
y "b+c 
1 c 
(a) Xj = fib+c where fi = ratio X^^ front 4 above 
Xs 
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1 
•fa+c 
Jf 
1 c 
(b) Xi a IJ+c E,W-C 
^3 1 
Yp b+c 
1 c 
b+c 
a 
p b+c 
•as 
(c) ^  _ Y, 
^2 _1_ 
V b+c 
given Hi = Eg 
1 
(d) ^ 
Xs " ^ 2^ 
7. To convert an overall equation into terms eq.aivalent to an 
internal function so as to olstain feed inputs. 
(a) Moving along a ration line from two iso-product curves (from 
Ii to Tg) the queintity of resource X is found "by: 
1 
Y "b+c Y 
("b) 2 between and To = S from 4 above 
11 1 c 
a E a E 
1 1 
y b+c _ y b+c 
Xj = -5 I ^ by combining terms 
1 c 
a b+c £ b+c 
Tae ratio of two total product quantities along ration lines 
equals when the variable X is "held" constant. 
Hs 
(a) Yg aXi b+c £ c 
_ from equation 3 above 
aXs b+c £ c 
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(T>) Tg V Y T Y 
^= (—) when Xj equals Xg 
9. To find the feed reqairenents for a given substitution rate— 
(a) dZg b Xa _ 
— from (2) above 
dXi c XJ 
(b) H = S c. by solving equation (a) for S 
b 
where S = s 
1 
yb+C 
(c) Xi = = by substituting equation 9b into 4b 
1 c 
ab+c cjb+c 
B. Cross product quadratic equations: Given the production function 
Y — a+bXj + cX^ + dXj^ + eX^^ + fX^Xg 
1. Equation for total product along a ration line 
Y = a+Xj (b+cr) + Xj^^ (d+er®+fr) where E = 
Xi 
2. Iso-product equation along ration lines 
Xj = -GiH J - Z (a-Y) 
by solving equation where 
b'f'cB. 
2(d+er®+fE) 
_ 1 
^ ~ 2(d+eE^+fE) 
J = (b+cE)^ 
K = 4(d+eE®+fS) 
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Equation for marginal product of Xg when is held constant 
= c+fXj + SeXg 
i-s 
Equation for iso-product curve when Xj is varied 
Xg = L + MXt + H + TP + U + V i 
where L = — 
2e 
M = =1 
2e 
2e 
Q = f® - 4ed 
2 = 2cf - 4ed 
U = c® - 4ed 
V = 4e 
Equation for suDstitution rates 
(a) ProH deviations of iso-product equation B 2 above 
dXj - + IP + n + mr 
where W = fc - 2eT3 
2e 
^ - 4ed 
2e 
and M, Q,, T,  U, and 7 are  the sa-tie as in section 
B2 above. 
(b) From ratio niarginal products 
dXg _ .^IPPXi ^ b + fXa -i- 2dXi 
dZi ~ MPPXa c + fXj + 2eXa 
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C. Eatio quadratic equations; Given the production function 
Y = a + IjXj + 0X2 + 
1. Equation for total product along a ration line 
Y = (a + fR) + lid + cE) + Xi^Cd + eS^) 
2. Iso-product equation along ration lines 
X + cR) ± (h + cR)^ - 4(d + eE^)(a + fE - Y) 
^ 2(d + eE?) 
3. Equation for MPPXg when is held constant 
—I = c + SeXg + ^  
X2 1, 
4. Equation for iso-product curve when Xj is varied. 
23 = g - ^  ± i j + I- + ^  + ieXj - nXi^ + EY 
•^1 Aj As 
Where g = — 
2e 
" = 1; 
j = - 4ea 
k = 2cf 
1 = 
m = 46^ 
n = 4ed 
r = 4e 
5. Equation for substitution rate 
(a) From derivative of iso-product equation (C 4) above 
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dXa 
- ^  4- i 
S 
Xi 
+ + tXi + nXi® 
Ai 
dXi xT"" X k 1 P 
+ ^  2 + mXj - nSj ' + SY j-' Xi 
where S = cf, t = 2e"b and h, i, 1 and n are the saae 
as in (C 4) above. 
("b) Prom ratio of marginal products 
V 
dZs _ MP?X^ ^ bXi + 2dXi^ - f If" 
dZi ' F-iPPXs cXi + 2eXjX2 + f 
D. Square root quadratic ecuations: Given the production function 
X — a + "bXj "I" cX^ d , Xj^ + e j Xg f i XjXg 
1. Equation for total product along a ration lin^ 
y = a + Xi(b + cR + f S) + Xi (d + e E) 
2, Iso-product equation along ration line 
Xj = A + B C + b(a — T) 
where A = ® 
2(b + cE + f E) 
B = 
2(b + cE + f E) 
C = (d + e E)^ 
D = -4(b + cE + fE) 
3. Equation for MPPXg when X^ is constant 
= c + (i-LL-Ei) 
^2 2 X3 
4. Equation for iso-product curve when Xg = f(Xj) 
^2 = (g + h Xj + j kXj + ra Xj + n + qy)® 
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where g = -e 
2c 
j = 1_ 
2c 
k = f® - 4 Tjc 
m = 2ef - 4cd 
n = e® - 4&c 
q = 4c 
5. Equation for su'bsoitution rate 
(a) From ratio of aarginal products 
dXs MPPXi 3h XiXa + d\ Xg + fXg 
dXi I^PPXg 2c , X1X2 + e + fXi 
Procedure for finding suostitution rates for an overall function Tsy 
starting at a heavier hog weight than zero gain in the equation: 
Given an iso--Droduct curve E (ending) and B ("beginning) v/here curve 
B is for a lower hog weight than curve B: a ration line with feed 
Quantities c-.^, p--,, cp, and ?p^ at intersection with iso-product curves 
E and B; su"bstitution rates at these two points dg and d^. To find 
su"bstitution rate (dc/dp) for feeding along a ration line "between two 
iso-product cxirves, 
dc - C3 d]j]P}g - d-gp;g 
dp pj^ £e £b 
% 
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Appendix C. Input-Output Tables 
(Eable 46. Total gain with soy"bean oilmeal fixed at three levels and 
with 100 pounds of corn increments. Experiment 506 
'i?otal gain (nounds) 
Pounds 25 1^>8. SBOM 50 Iba. SBOM 100 l"bs. SBOM 
of Cobb- Cobb- Cobb-
corn Douglas Quadratic Douglas Q;aadratic Douglas Q,uadratic 
With aureomycin 
100 52 49 57 60 63 76 
200 84 79 92 90 101 104 
300 111 107 122 114 134 129 
400 135 133 149 139 164 151 
500 158 157 174 162 192 172 
600 180 180 198 183 218 190 
Without aureoaarcin 
100 49 46 54 52 60 56 
200 77 76 85 82 94 88 
300 101 102 101 109 122 117 
400 121 126 134 134 147 143 
500 140 148 155 156 170 167 
600 158 166 174 175 192 188 
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Table 49. J'eed quantities per hog from weaning weight of 30 pounds 
for 30, 70 and 120 pounds gain from Experiment 506 "by itself and 
derived from overall Cobb-Douglas and overall quadratic 
cross-product equations 
Pounds 
soybean 
oilmeal With aTireoaycin Without aureoaycin 
per hog Cobb-Douglas Quadratic Cobb-Douglas Quadratic 
50 "Dound nigs (20 nOTinds esin) 
1 48 38 49 40 
5 35 33 36 36 
10 31 27 31 31 
15 28 20 28 26 
100 oound t»i£s (70 potmds gain) 
5 210 198 243 207 
10 186 192 209 200 
15 167 186 192 193 
20 162 181 180 188 
25 155 175 172 182 
30 149 169 165 177 
35 145 163 160 172 
40 141 156 156 168 
150 Doxmd pies (120 pounds gain) 
10 404 354 478 402 
15 372 359 438 393 
20 351 354 412 384 
25 336 349 393 376 
30 324 344 378 368 
35 314 339 333 361 
40 306 333 355 355 
50 293 322 338 343 
60 282 311 326 3S4 
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Ta'ble 50. Sotal and narginal gains from specified com inputs with 
protein "fixed" at specified levels. 
Co'b'b-Douglas function with aureomycin 
Pounds 
corn fed 
after 
weaning 
Total gain from corn with. 
soybean oilaeal fixed at 
52 lbs. 110 lbs. 172 lbs. 
Marginal product (lb. pork 
added per pound added corn) 
with protein fixed at 
52 lbs, 110 lbs. 172 lbs. 
50 34.6 40.31 46.3 .44 .52 .55 
100 53.6 62.4 71.8 .34 .40 .48 
150 69.2 80.6 92.7 .29 .34 .37 
200 77.9 96.6 111.2 .27 .31 .34 
250 95.4 111.2 128.0 .24 .28 .31 
300 107.1 124.7 136.4 .23 .265 .29 
350 118.0 137.4 158.2 .21 .25 .27 
400 128.4 149.5 172.1 .20 .24 .26 
450 138.2 161.0 185.3 .19 .23 .24 
500 147.8 172.1 — .19 .22 w — 
550 156.9 182.7 — .18 .21 
600 165.7 —— — .18 — 
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Table 51. Total gain and marginal gain for different feed levels with 
rations in fixed proportions; three protein levels with and without 
aureoaycin (gain over beginning weight of 40 pounds) Experiment 536 
Total gain Marginal or additional gain 
Total per Ih. added feed (Ave. "be-
feed tveen intervals) 
per 
hog 
With aureo. Without aureo. With aureo.. Without aureo. 
Log.^ Quad.^ Jjog.^ <iuad. Log.*" Quad." Log.'^ Quad.^ 
10^ protein 
50 19.1 16.1 18.1 18.0 .382 .322 .362 .360 
100 34.0 29.3 32.2 32.7 .298 .300 .282 .294 
150 47.6 42.3 45.2 46.8 .272 .298 .260 .282 
200 60.4 54,6 57.5 60.6 .256 .282 .246 .276 
250 72.8 66.2 69.3 73.8 .248 .270 .234 .264 
300 84.7 77.4 80.8 86.4 .238 .260 .232 .252 
350 96.3 88.0 91.9 98.6 .232 .250 .222 .244 
400 107.6 98.0 102.7 110.4 .226 .238 .216 .236 
450 118.7 107.4 113,3 121.6 .222 .224 .212 .224 
500 129.5 116.2 123.8 132.5 .216 .214 .210 .218 
550 140.2 124.6 134.0 142.9 .214 .204 .205 .208 
600 150.7 132.3 144.2 152.8 .210 .192 .202 .198 
12^ urotein 
50 20.3 18.2 19.0 18.0 .406 .364 .399 .360 
100 36.1 33.8 33.8 33.7 .316 .312 .293 .294 
150 50.6 48.8 47.5 47.0 .290 .300 .273 .285 
200 64.2 63.3 60.4 60.7 .273 .289 .258 .275 
250 77.3 77.1 72.8 73.9 .262 .277 .248 .265 
300 90.0 90.4 84.8 86.7 .253 .266 .240 .255 
350 102.4 103.1 96.4 98.9 .247 .254 .233 .245 
400 114.3 115.2 107.8 111.7 .240 .241 .228 .235 
450 126.1 126.8 119.0 122.0 .235 .237 .228 .228 
500 137.7 137.7 129.9 132.8 .231 .219 .219 .216 
550 149.0 148.1 140.7 143.0 .227 .207 .216 .206 
600 160.2 158.0 151.3 152.8 .224 .199 .212 .196 
14^ Tjrotein 
50 20.9 18.6 19.3 18.1 .418 .392 .386 .362 
100 37.2 34.6 34.5 32.7 .326 .319 .303 .295 
150 52.1 49.9 48.4 47.1 .298 .306 .278 .285 
200 66.1 64.6 61.5 60.8 .282 .294 .263 .274 
250 79.6 78.7 74.2 73.9 .269 .281 .252 .263 
300 92.7 92.1 86.4 86.6 .261 .269 .244 .253 
350 105.3 104.9 98.3 98,7 .253 .256 .238 .242 
400 117.7 117.1 109.9 110.3 .348 .244 .232 .232 
450 129.8 128.6 121.2 121.4 .242 .231 .227 .221 
500 141.7 139.5 132.4 131.9 .338 .218 .223 .211 
550 153.4 149.8 143.4 141.9 .234 .206 .219 .200 
600 164.9 159.5 154.2 151.4 .230 .193 .2x6 .190 
^Logarithmic equation. 
^Quadratic equation. 
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Table 52. Total gain and marginal gain for different feed levels with, 
rations in fixed proportions; three protein levels with and without 
aureoraycin (gain over beginning weight of 40 pounds) Experiment 536 
lEotal gain Marginal or additional gain 
Total per lb. added feed (ave. be-
feed tween intervals) 
per 
hog 
With aureo. Without aureo. With aureo, Without aureo. 
Log.® Q^ad.^ iOg.® Q,uad.^ log.® Quad.^ log.® Quad. 
16% Drotein 
50 21.0 18.9 19.3 18.1 .420 .399 .386 .363 
100 37.4 35.1 34.4 32.9 .327 .324 .303 .295 
150 52.3 50.6 48.3 47.1 .299 .310 .278 .284 
200 66.5 65.5 61.4 60.7 .283 .296 .263 .272 
250 80.0 79.6 74.0 73.7 .271 .282 .252 .261 
300 93.1 93.0 86.2 86.2 .262 .269 .244 .249 
350 105.8 105.7 98.0 98.1 .255 .255 .237 .238 
400 118.3 117.8 109.6 109.4 .248 .241 .232 .226 
450 130.5 129.1 121.0 120.1 .244 .227 .227 .215 
500 142.4 139.8 132.1 130.3 .239 .213 .223 .203 
550 154.1 149.7 143.0 139.9 .235 .199 .218 .192 
600 165.7 159.0 153.8 148.9 .231 .185 .216 .180 
18'^ tjrotein 
50 20.8 19.2 19.0 18.2 .416 .384 .380 .364 
100 37.0 35.7 33.9 32.9 .324 .330 .298 .294 
150 51.9 51.2 47.6 47.0 .298 .310 .274 .282 
200 65.9 66.1 60.5 60.5 .280 .298 .258 .270 
250 79.3 80.2 72.9 73.2 .268 .282 .248 .254 
300 92.5 93.6 85.0 85.6 .264 .268 .242 .248 
350 105.0 106.0 96.6 96.9 .250 .248 .232 .226 
400 117.2 117.7 108.0 107.8 .244 .234 .228 .218 
450 129.3 128.7 119.1 117.9 .242 .220 .223 .202 
500 141.3 138.7 130.2 127.7 .240 .200 .222 .196 
550 152.8 147.9 140.9 136.5 .231 .184 .214 .176 
600 164.3 156.6 151.5 144.8 .229 .174 .212 .166 
20^  Drotein 
50 20.4 19.5 18.5 18.2 .552 .390 .390 .364 
100 36.3 36.3 33.0 32.9 .318 .336 .290 .294 
150 50.8 52.0 46.3 46.8 .290 .314 .266 .278 
200 64.6 66.8 58.9 60.0 .276 .296 .252 .264 
250 77.8 80.6 71.0 72.5 .264 .276 .242 .250 
300 90.5 93.6 82.7 84.3 .254 .260 .234 .236 
350 102.9 105.5 94.1 95.3 .248 .238 .228 .220 
400 115.0 116.6 105.2 105.2 .242 .222 .222 .206 
450 126.8 126.9 116.1 115.1 .236 .206 .219 .190 
500 138.4 136.2 126.7 123.8 .232 .186 .213 .174 
550 149.8 144.5 137.3 132.0 .228 .166 .210 .164 
600 161.1 152.0 147.6 139.3 .225 .150 .207 .146 
®iogarith3aic equation. 
^'^^fla.dratic equation. 
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Ta^le 53. Corn productivity with protein fixed at three levels, 
quadratic overall function with and without aureomycin 
Experiment 554 
Total Gain with 50 l"b. Gte.in with 100 Ih. Gain with 150 lb. 
com protein -protein protein 
input lotal Marginal Total Marginal Total Marginal 
With aureoaycin 
50 58.3 .2155 98.0 .1428 133.4 .0710 
100 69.2 .2192 105.3 .1474 137.1 .0756 
150 80.3 .2238 112.8 .1520 141.0 .0802 
200 91.6 .2284 120.5 .1566 145.1 .0848 
250 103.1 .2330 128.4 .1612 149.4 .0894 
300 114.9 .2376 136.6 .1658 154.0 .0940 
"50 126.9 .2422 145.0 .1704 158.8 .0986 
400 139.1 .2468 153.6 .1750 163.9 .1032 
450 151.5 .2514 162.5 .1796 169.2 .1078 
500 164.2 .2560 171.6 .1842 174.7 .1124 
550 177.1 .2606 180.9 .1888 180.4 .1170 
600 190.3 .2652 190.5 .1934 186.4 .1216 
650 203.6 .2698 200.3 .1980 192.5 .1262 
700 217.2 .2744 210.3 .2026 199.0 .1308 
Without aureomycin 
50 47.6 .2815 60.8 .3123 58.6 .3430 
100 61.5 .2738 76.2 .3045 75.5 .3353 
150 75.0 .2661 91.2 .2969 92.1 .3276 
200 88.1 .2584 105.9 .2892 108.3 .3199 
250 100.9 .2507 120.1 .2815 124.1 .3122 
300 113.3 .2430 134.0 .2733 139.5 .3045 
350 125.2 .2353 147.5 .2661 154.5 .2968 
400 136.7 .2276 160.6 .2584 169.2 .2891 
450 147.9 .2199 173.3 .2507 183.4 .2814 
500 158.7 ,2122 185.7 .2430 197.3 .2737 
550 169.1 .2045 197.6 .2353 210.8 .2660 
600 179.2 .1968 209.2 .2276 223.9 .2583 
650 188.8 .1891 220.4 .2199 236.6 .2506 
700 198.1 .1814 231.2 .2122 249.0 .2429 
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Table 54. Corn productivity with protein fixed at three levels, 
square root overall function with and without aureonycin 
Total Gain with 50 lb. Gain with 100 lb. Gain with 150 lb. 
corn -protein protein nrotein 
input Total Marginal Total Marginal Total Marginal 
With atireoaycin 
50 36.4 .5350 26.8 .6904 10.2 .8096 
100 59.2 .4004 56.0 .5103 44.3 .5946 
150 77.6 .3408 79.3 .4305 71.4 .4993 
200 93.6 .3052 99.6 .3829 94.9 .4425 
250 108.3 .2809 117.9 .3504 116.0 .4037 
300 121.8 .2630 134.8 .3265 135.4 .3751 
350 134.6 .2491 150.6 .3078 153.6 .3529 
400 146.8 .2379 165.6 .2928 170.8 .3350 
450 158.5 .2286 179.9 .2799 187.2 .3201 
500 167.7 .2207 193.7 .2699 202.8 .3076 
550 180.5 .2140 206.9 .2608 217.9 .2968 
600 191.1 .2081 219.8 .2529 232.5 .2873 
650 201.4 .2029 232.2 .2460 246.7 .2790 
700 211.4 .1982 244.4 .2398 260.5 .2716 
Without aureomycin 
50 54.3 .2537 71.1 .2606 81.8 .2658 
100 66.5 .2397 83.7 .2445 94.6 .2482 
150 78.4 .2334 95.7 .2373 106.8 .2404 
200 89.9 .2297 107.5 .2331 118.7 .2357 
250 101.3 .2271 119.0 .2302 130.4 .2325 
300 112.6 .2252 130.5 .2280 142.0 .2302 
350 123.9 .2238 141.8 .2264 153.4 .2284 
400 135.0 .2226 153.1 .2250 164.8 .2269 
450 146.1 .2217 164.3 .2239 176.1 .2257 
500 157.2 .2208 175.5 .2230 187.4 .2246 
550 168.2 .2201 186.6 .2222 198.6 .2237 
600 179.2 .2195 197.7 .2215 209.7 .2230 
650 190.2 .2190 208.8 .2208 220.9 .2223 
700 201.1 .2185 219.8 .2203 232.0 .2217 
Table 55. Total and marginal gain for different feed levels (gain over beginning weight of 31 lbs.). 
Experiment 554 without eureoinycin and logarithmic function 
Pounds Total gain in pounde with protein level of Itorginal or additional gain per pound 
of added feed with protein level of 
feed 1055 V?$ 14^ I656 1856 2,0$ 12% I45S 16% 18% 20% 
50 18.4 21.3 22.7 23.4 23.6 23.5 .369 .427 .454 .467 .461 .470 
100 32.6 37.7 40.1 41.3 41.7 41.5 .283 .328 .349 .359 .362 .361 
150 45.4 52.6 56.0 57.6 58.2 57.9 .257 .298 .317 .327 .330 .329 
200 57.5 66.6 70.9 72.9 73.7 73.4 .242 .287 .299 .307 .310 .310 
350 69.1 80.0 85.2 87.7 88.5 88.2 .232 .269 .286 .294 .297 .296 
300 80.3 93.0 99.0 101.8 102.8 102.4 .234 .259 .275 .283 .286 .285 
350 91.1 105.5 112.3 115.6 116.7 116.3 .217 .251 .267 .275 .278 .278 
400 101.7 117.8 125.4 128.9 130.2 129.7 .211 .245 .261 .268 .271 .270 
450 112.0 129.7 138.1 142.1 143.5 142.9 .207 .210 .256 .262 .265 .264 
500 19S.2 141.5 150.6 155.0 154.9 155.9 .203 .235 .250 .257 .260 .259 
550 132.1 153.0 162.9 167.6 169.2 168.6 .199 .230 .245 .252 .255 .254 
600 141.9 164.4 175.0 180.0 181.8 181.0 .196 ,227 .241 .249 .251 .250 
650 151.6 175.5 186.9 192.2 194.1 193.4 .193 .223 .238 .245 .247 .246 
700 161.1 186.5 198.6 204.3 206.3 205.5 .190 .220 .235 .241 .244 .243 
